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INTRODUCTION 
The general objective of this thesis is to report the extent to 
which certain organic and inorganic chemicals, commonly considered as 
ground water pollutants, biologically break down as they move vertically 
downward through moist soil under different aeration conditions. Appre­
ciation of the objective's importance will be aided by the following 
background on the ground water pollution problem. 
Soil has long been used-as a major medium for the disposal of a 
variety of human, animal, industrial, and agricultural wastes. Often­
times vast quantities of these waste waters have been applied to soil 
for lack of a more convenient or less expensive means for disposal, 
without particular regard to the chemical, physical and biological proc­
esses which determine the success or failure of disposal. However, 
as the complexity of composition and volume of these waste waters 
increase the soil becomes increasingly more important in man's efforts 
to prevent contamination of an important natural resource, ground water. 
The widespread conversion of vast areas from rural to urban and 
suburban development during recent years has made necessary the util­
ization of single unit waste disposal systems. Such sewage systems are 
mainly of the septic-tank type which is comprised of (1) a settling tank 
or septic tank which collects aggregates of bacteria and solid wastes 
at the bottom as sludge which is slowly microbially degraded under an­
aerobic conditions and (2) a soil absorption field beneath the soil 
surface for the disposal of liquid wastewater which overflows from the 
settling tank. Inside the septic tank the ecosystem is essentially 
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anaerobic due to a tremendously high biological demand for oxygen, but 
as the wastewater moves into and through the soil the ecosystem may 
be anaerobic, aerobic or both. The portion of this wastewater which 
does not move upward through the soil by capillary action and evaporate 
to the atmosphere must eventually seep downward to the ground water. 
Movement of inorganic and organic solutes due to the downward percolat­
ing wastewater may thus present the groundwater with contamination by 
pollution. Septic tank effluent, while varying tremendously in com­
position from day-to-day and from house-to-house, normally contains at 
least some quantities of nitrate, chloride, detergent surfactant and 
large quantities of organic carbon. 
As application rates and consumption of such agricultural chem­
icals as fertilizers and pesticides increase, the possibility of ground 
water contamination by these same solutes becomes a problem. An 
excellent example lies in the fact that in Iowa alone, fertilizer usage 
increased from 6^4,000 tons in 195^ to 1,300,000 tons in 1964 (Browning 
1965). In 1965 this figure rose to 1,430,000 tons (Iowa Department of 
Agriculture I966). Browning (19^5) has stated that, "Eventually one 
million tons (of nitrogen) annually will be used in Iowa. Regardless 
of the form applied, it is soon changed to nitrates, which are soluble 
and free to move with percolating water." The first instance of pollu­
tion of drinking water by surface-applied agricultural chemicals and 
fertilizers has already been confirmed in Iowa by the Iowa Hygienic 
Laboratory. During I967 minute traces of DDT, Dieldrin, and nitrate 
were found in several shallow farm wells that were 40-60 feet deep. 
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The wells were in an area of sandy soil which supports intensely-
cropped vegetable and melon production near Muscatine, Iowa (Ed 
Heins, reporter 196?). Opinions have been expressed by some individuals 
(John Davy, reporter, I968) that the soaring use of chemical ferti­
lizers could lead to disturbances in the nitrogen econony of the soil, 
the atmosphere, and water to such an extent as to necessitate limitation 
of future fertilizer use. Although this view may overexaggerate the 
problem, the point is clearly made that pollution control and abatement 
in ground water and surface waters in the future will,become even more 
dependent upon agriculture than presently. 
Alexander (I965) has suggested that contamination of ground water 
with chemical solutes may result, at least partially, from rapid move­
ment of the chemicals from an environment favorable to microbiological 
degradation to one that is unfavorable, particularly if the degrading 
microbes stay behind in the more favorable environment. If the pollution 
chemicals do not tend to break down easily, biologically, they are dis­
placed from the favorable site before there is time for the microbes to 
degrade them in significant amount. 
In field soils a very important environmental factor which affects 
microbiological activity is the oxygen content dissolved in the soil 
solution. using adequate aeration as a sole criterion for defining 
the suitability of a soil locale for biological degradation, it is 
evident that the surface soil normally will provide a suitable ecosystem. 
With increasing depth, gaseous transport of oxygen from the atmosphere 
becomes restricted and the ecosystem becomes less suitable for active 
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microbiological degradation. The decrease in aeration with soil depth 
may occur as a result of many circumstances. For the ideal case of a 
uniform profile this decrease may occur as a direct result of increasing 
distance from the source of aeration at the soil surface, and as a result 
of the decrease in continuity of air-filled pores due to increasing water 
content as a water table is approached somevdiere in the profile. For 
the more realistic case of a non-uniform soil profile, aeration may de­
crease with depth because of reduced movement of air through layers of 
restricted permeability to air and water. Since under dynamic conditions 
which occur in field soils the soil solution is continually moving, dis­
solved oxygen is also transported from the atmosphere above the surface 
to soil deeper in the profile via the soil solution. However, due to 
the oxygen requirements of the more active microbe population in the 
surface regions of the soil, this supply of oxygen also decreases with 
distance from the soil surface. Thus it is readily apparent that the 
oxygen status for various locales within a soil profile is greatly depen­
dent upon such features as the distribution of water content with depth, 
the distribution and continuity of air-filled pores with depth, flow 
velocity of solution, and layering of the soil profile. 
This study was initiated to investigate the effect of one envi­
ronmental factor, aeration, upon biological breakdown of specific chemical 
constituents of wastewaters during movement through columns of soil. 
Because of the tremendous influence which dissolved oxygen exerts upon 
soil microbes, the ultimate purpose of the investigation was to determine 
the influence of soil aeration upon potential contamination of ground 
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water by the chemical compounds. The specific objectives for this 
research were threefold: (1) An experimental system consisting of 
steady liquid flow through vertical soil columns aerated with gases 
containing 0.2, 5 and 20^ oxygen was utilized to determine the effect 
of soil aeration on recovery of surface-applied nitrate in the liquid 
effluent. (2) A similar experimental system was utilized to determine 
the effect of soil aeration upon the recovery of a surface-applied deter­
gent surfactant in the liquid effluent. (3) Steady liquid flow through 
aerated soil columns was used to evaluate the influence of a detergent 
surfactant on soil water content and on the movement of nitrate and 
chloride ions through the soil. 
Experimental procedure for the investigation involved using a miscible 
displacement method while maintaining steady flow of O.OIN CaSO^ verti­
cally downward through a two-layer column of soil. The steady flow was 
established by supplying the aqueous solution to the soil surface at a 
constant inflow water pressure head vrith the aid of a Mariette bottle. 
Aeration levels in the soil were established by transporting gaseous 
mixtures of oxygen and helium through the soil in a direction normal 
to the vertical flow of liquid. A period of time was allowed for the 
liquid flow velocity to reach an essentially constant value and for the 
oxygen concentration of the gaseous effluent to approach that of the 
influent aerating gas. Thereafter at a given time which was designated 
as zero time the inflow liquid to the column surface was instantaneously 
changed from the dilute calcium sulfate solution to a 0.01^ CaSOjij, solution 
to which were previously added two or more of the chemical solutes 
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chloride, nitrate, sucrose and a detergent surfactant referred to as 
L.A.S. The solution of organic and inorganic compounds was supplied to 
the soil surface at a constant inflow water pressure head until exactly 
a "slug" of designated volume had passed through the soil surface. At 
such time the inflow liquid was instantaneously changed back to the 
O.OIN CaSOij, solution. For the remaindor of the experiment the dilute 
calcium sulfate solution was continuously supplied to the soil surface. 
Beginning at the time zero 18 ml increments of liquid effluent from the 
soil column were collected in glass vials. Aliquots from each vial were 
analyzed for concentrations of chloride, nitrate, sucrose and L.A.S. 
These measured concentrations were used to construct "breakthrough" 
or elution curves for each solute. Breakthrough curves were plots of 
the solute concentration relative to the concentration in the solution 
initially added to the soil surface versus the volume of liquid effluent 
collected. Measured areas enclosed beneath the breakthrough curves 
provided a convenient means for direct calculation of the quantity of 
applied solute recovered in the effluent. 
A two-layer soil column comprised of a layer of slowly permeable 
soil material overlying a zone of rapidly permeable soil was selected 
as the flow system in order to closely simulate field conditions. This 
type of soil profile has analogous counterparts in many common agri­
cultural soils. The pores for portions of a soil column may be partially 
air-filled even when water is continually ponded at the surface. Gas­
eous mixtures containing different concentrations of oxygen were contin­
ually circulated through the large air-filled pores which were inter­
connected. Water within the pores of the unsaturated soil, being at 
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subatraospheric pressure and in thin films, allows the oyygen gas to 
readily diffuse and exchange with that dissolved in the soil water. 
The dissolved oxygen environment of bacteria is commonly recognized 
as a very important ecological determinant for the microbiological de­
gradation of L.A.S. and sucrose and for the microbiological denitrifi-
cation of nitrate. 
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REVIE-J OF LITERATURE 
Equations Used to Represent Water Flow Through Uniform Soil 
One of the basic physical relationships used to describe the flow 
of water in soil is Darcy's equation (Klute 19^5) which relates the 
flow velocity of water v to the driving force of hydraulic gradient i. 
Taking the vertical distance z to be zero at the soil surface and to 
increase positively downward, the differential form of this equation 
for vertical one dimensional flow is 
V = - Ki = - K(d^/dz) = - K dh/dz) - 1 
where K = hydraulic conductivity of the 
soil (cm/hr) 
(j) = hydraulic head (cm) = h - z 
h = water pressure head (cm of water) 
The minus sign indicates that water flow is in the direction of 
decreasing hydraulic head. The macroscopic flow velocity or water 
flux V represents the quantity of water passing through unit cross-
sectional area of soil per unit time (v = Q/A). By dividing the 
macroscopic flow velocity by the water-filled porosity f, a quantity 
known as mean pore velocity is given for the average velocity within 
the soil pores. 
Hydraulic conductivity is a proportionality factor vahich includes 
properties of both the liquid and the porous medium. It is defined as 
a function of the soil intrinsic permeability k, which ideally is 
independent of the liquid properties viscosity and density P and of 
the acceleration of gravity g 
] 
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K = k/^g/r^ 
For water flow through saturated soil the proportionality factor K in 
Darcy's equation is assumed to be constant; although changes in con­
ductivity may occur as the result of changes in microbiological ac­
tivity, changes in the exchangeable-ion status of the soil, changes in 
volume of occluded air, etc. Assuming an extension (Klute I965) of 
Darcy's equation to unsaturated soil, the hydraulic conductivity is 
dependent upon the geometry of the water in the soil. Since the con­
ductivity of unsaturated soil decreases rapidly with a decrease in 
water content 9 the conductivity is regarded as a single-valued function 
K(0) of water content. For unsaturated flow the water pressure head 
h is considered a function of 0 only. Because of hysteresis associated 
with the relationship h(6), somewhat different water characteristic 
curves^ graphical plots of experimental values of h versus values of 
0, occur for a water-sorption (wetting) process than for a water-desorption 
(drying) process. 
For the vertical case of unsaturated flow in soil it is sometimes 
convenient to convert Darcy's equation to a diffusion-type equation. 
By rules of differentiation, the hydraulic gradient i can be expressed 
in terms of the moisture content gradient w = d9/dz by the relation 
i = Al-l =  ^ ÉÊ.-l =  ^ w-l 
dz d0 dz d0 
Substituting this result into Darcy's equation we obtain 
V = - Ki = - K(A w-l)=-Dw+K 
d@ 
where we have used the moisture diffusivity defined by D = K(dh/d0). 
For the horizontal case the term K disappears from the right hand side 
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of this equation. 
Theoretically, Darcy's equation is applicable under the conditions 
that inertial forces are negligible relative to viscous forces. Such a 
condition will normally prevail for the range of textures and hydraulic 
gradients found in most agricultural soils. Certain instances, however, 
of deviations from Darcy's proportionality have been reported in the 
literature. Graphs of flow velocity versus hydraulic gradient reveal 
three types of deviation; (1) the curve is essentially a straight 
line, but for small values of hydraulic gradient, a threshold gradient 
must be exceeded before flow occurs, (2) for large magnitudes of hy­
draulic gradient, the relationship is represented by a line which is 
curvilinear upward, where the slope is no longer the constant value 
predicted by Darcy's relation, (3) for large values of hydraulic gra­
dient, a line which is curvilinier downward represents the relationship 
where the slope is variable. The third discrepancy in the proportion­
ality between flow velocity and hydraulic gradient occurs for large 
hydraulic gradients in water flow through saturated sands and the 
observed flow velocity will be less than that predicted by Darcy's 
equation. This type deviation most often occurs under conditions which 
are considered to be outside the range of validity (Klute 1965) of Darcy's 
equation. Deviatiors reported in the literature for water flow in 
agricultural soils ara most frequently similar to types (l) and (2). 
If a type (2) discrepancy occurs, the observed flow velocity will be 
greater than that predicted by Darcy's proportionality. 
Darcy's proportionality is commonly applied to both saturated and 
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unsaturated flow for agricultural soils. However, results from flow 
through some soils of relatively high clay content indicate exceptions 
to Darcy's equation. Working with clay s^^tems, Miller and Low (I963) 
observed that a finite hydraulic gradient was required to establish 
water flow. The value of this threshold gradient decreased as the clay 
concentration decreased. For gradients larger than the threshold value, 
the relationship of flow velocity to hydraulic gradient was essentially 
linear except at low gradients for concentrated clay systems; but was 
curvilinear for less-concentrated clay systems. These deviations were 
accounted for on the basis of non-Newtonian liquid behavior attributed 
to the development of "quasi-crystalline" structure of water in intimate 
contact with clay particles. Non-Newtonian behavior due to clay-water 
interaction was first postulated Tqy Low (1960), and was later suggested 
by Swartzendruber (19^2 a,b) to explain specific observations of non-
Darcy behavior in flow through both saturated and unsaturated soil. 
Olsen (1965) suggested that there exists an error in experimental 
technique due to atmospheric contamination of glass capillary tubes 
used for simulated measurement of small flow rates found in saturated 
clays by observing the velocity of an air bubble in the water-filled 
tube. He stated that this error may partially account for non-Darcy 
behavior in saturated clays. Data is presented which shows the magni­
tude of the error to be sufficient to account for deviations from Darcy's 
proportionality in much of the published data for confined clay samples. 
Deviations reported in published data cited by Olsen on unconfined 
clay and sandstone samples, however, are much too great to be attributed 
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to this error. 
For the horizontal case of water flow into a silty-clay loam 
Swartzendruber (I963) found the velocity-water content gradient 
relation to be linear without the existence of threshold gradients at 
the higher water contents, but observed concave curvilinearity at the 
lower water contents. Thus at the lower water contents the water flow 
velocity was greater than predicted by Darcy's equation. A modified 
flow velocity-water content gradient relationship was derived for flow 
in unsaturated soil 
V = 3 w - a(l - e""^) 
where P, a and y are functions of 0 
only and w is the water content gradient. 
The water content gradient w is given as the negative value of d0/dx 
where x is the horizontal distance. If a and y are both zero this 
equation reduces to 
V = - pw 
which is simply the Darcy proportionality for horizontal flow with P 
replacing the diffusivity D. This modified equation assumes water 
diffusivity to be a function of both water content gradient as well as 
water content, D(9,w). For large values of the water content gradient 
the equation approaches a straight line. The modified equation fits 
the experimental data of Swartzendruber sufficiently well as to appear 
a suitable formulation for expressing non-Darcy behavior, both with and 
without threshold gradients. 
13 
Steady State Flow of Water Through Layered Soils 
Assuming saturated flow downward through a vertical soil profile, 
Swartzendruber (I96O) assessed theoretically the effect of a least 
permeable layer on the flow through a two-layer soil profile. He showed 
that the hydraulic resistance of the least permeable layer controls 
flow through the profile with much less error than does the hydraulic 
conductivity. The hydraulic resistance Rj_ is inversely proportional 
to the product of the conductivity and the profile cross-sectional area, 
but directly proportional to the layer thickness 
Ri = Di/(AKi) 
The equivalent resistance of the entire soil profile therefore becomes 
equal to the summation 
i=l 
of resistance for individual sections. 
On the basis of hydraulic resistance, the flow rate QQ from a soil 
profile with length 1, cross-sectional area A, and saturated hydraulic 
conductivity KQ, was compared to the flow rate Q from a second profile 
which differed from the first only in that a section of length had 
saturated hydraulic conductivity where was less than KQ. Thus the 
hydraulic resistance for the uniform profile was simply but the 
resistance for the two-layer profile RQ was equivalent to the sum of 
the resistances for the least permeable layer R^, and for the remainder 
of the column R2. The relative flow ratio Q/Qq was shown to be 
«/«O = = Ro/(Rl + Rg) 
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Since the resistance R2 is equivalent to Ro(L - the flow ratio 
becomes 
0. - (R>i) 
Qo 1 + (1 - Di/I.)(Ro/Ri) 
From this relationship it can be deduced that as the hydraulic resistance 
of the least permeable layer becomes much larger than the resistance of 
the uniform profile the ratio Rg/R^ decreases and Q/QQ approaches 
RQ/RI as the quantity RQ/R]_ approaches zero. Thus in terras of hydraulic 
resistance, the flow is limited by the least permeable layer in the 
sense that actual flows are less than expected flows. If first we 
rearrange this relation and then express the flow rate as velocity and 
the resistances in terms of conductivities and layer thicknesses, we 
find that for the condition where R]_ is much greater than RQ or the 
quantity K]_/KQ is much less than D^/L the flow velocity of water through 
a soil having a least-permeable layer can be expressed as 
V = Vq (L/Ko) ( i{i/Di) = -  (A (j))(Ki/Di) = (Hg - Ht  - L(Ki/Di) 
where v = flow velocity of water through a soil pro­
file with a least-permeable layer 
VQ = flow velocity of water through the same 
profile but x^ithout the least-permeable 
layer 
= hydraulic head for the soil profile with 
or without a least-permeable layer 
Eg, % = water pressure heads at the bottom and top, 
respectively, of the soil profile 
L = length of the soil profile 
The water flow velocity through a saturated profile with a least-per­
meable layer thus can be shown to be dependent upon the conductivity 
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and thickness of that layer, the hydraulic heads at the top and bottom 
of the profile boundaries and length of the profile. 
A very detailed experimental study by Kisch (1959) describes the 
flow regime for the case of steady water seepage through a soil profile 
with a less permeable layer in the form of a clay blanket at the top. 
The flow regime for such a two-layered soil is shown to support sat­
urated as well as unsaturated flows. For the case where the saturated 
hydraulic conductivity of the soil beneath the blanket is large relative 
to that of the clay in the blanket, the flow velocity for the profile 
was shown to be controlled by the least permeable layer. The flow 
velocity was found to be practically invariant of the characteristics 
of the soil underlying the blanket. Location of the water table in the 
lower layer of soil was also shown to have a negligible effect in 
determining the flow velocity. 
With ponded water above the profile surface the clay blanlcet is 
water-saturated for most of its thickness, but an unsaturated zone 
occurs at the bottom of the blanket thickness. 
Later in an analysis by Takagi (I96O) a theoretical description 
was given for the water flow regime encountered during steady seepage 
downward through a two-layer soil. Positive hydraulic pressures at 
both upper and lower boundaries of the profile were assumed to be 
established by ponding water at a constant depth above the uppermost 
surface and by placing a phreatic surface at some height above the bottom 
of the profile. The saturated hydraulic conductivity of the upper 
layer K]_ is assumed much less than that of the lower layer K2, and 
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the second layor is taken to be relatively long so that a zone of subat-
mospheric water pressures occurs. The unsaturated zone will coexist 
simultaneously with saturated zones located near the upper and lower 
reaches of the profile. A water-desorption (drying) process will pro­
duce the transition from saturated to unsaturated flow whereas a water-
sorption (wetting) process will provide the transition from unsaturated 
to saturated flow. 
Assuming Darcy's equation to be valid for both saturated and un­
saturated water flow, Takagi (I960) deduced the flow regime from solu­
tion of these equations. The uppermost region of the least permeable 
soil supports saturated flow and is characterized by a constant saturated 
hydraulic conductivity K]_, Because of the distribution of water pressure 
in this zone, the hydraulic gradients are positive. Directly below 
this zone is a transition from saturated to unsaturated flow. The 
transition zone supports negative water pressures and has a conduc­
tivity which is assumed to be a single-valued function of the pressure. 
Steady flow across a discontinuity in permeability of a porous medium, 
such as occurs at the interface between two layers of soil materials 
with differences in pore-size distributions, requires the continuity of 
water pressure (see page 75. Collins I96I). Therefore, water pressure 
is continuous throughout the soil profile. Water content 0, however, 
is only continuous within each soil layer and not at the layer interface. 
Since hydraulic conductivity is considered to be a single-valued function 
of 0, conductivity must also be discontinuous at the interface. Because 
of this discontinuity in hydraulic conductivity and water content at 
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the interface between two soil layers, the transition zone does not 
extend beneath the interface. 
Takagi (I96O) concluded that the upper portion of the second soil 
layer supports unsaturated flow and is characterized by a constant 
negative water pressure. Since the hydraulic gradient is negative with 
an absolute value of unity, the conductivity is equivalent to the water 
flow velocity v for the entire profile. If this "constant pressure zone" 
exists, its thickness may be indefinitely long or short depending upon 
the length of the lower layer. Beneath this zone a transition to 
saturated flow extends downward to the phreatic surface. Negative pres­
sures and a hydraulic conductivity which is a single-valued function 
of the pressure characterize the transition. The thickness of this 
zone has a definite length which is determined by the conductivity. 
Beneath the phreatic surface or water table, positive pressures and a 
constant saturated hydraulic conductivity K2 characterize a zone of 
saturated flow. Hydraulic gradient values in this zone are of necessity 
negative since negative pressures occur above this zone and positive 
pressures occur below. 
An expression for the profile flow velocity or flux of water may 
be determined (Takagi i960) without the use of the length of the lower 
soil layer. The flux may be expressed as a function of the ponded water 
depth, the thickness and saturated conductivity (or the hydraulic 
resistance) of the least permeable layer, and the unsaturated conduc­
tivities of the upper and lower soils given for the negative pressure 
near the interface. The flux of water through the two-layer soil was 
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shown to be greater than the saturated conductivity of the least 
permeable layer but less than the saturated conductivity of the lower 
layer. 
A theoretical analysis Zaslavsky (1964) considers a somewhat 
more general case for the downward flow of water through a two-layer 
soil. and K2 represent the saturated hydraulic conductivities 
through the upper and lower layers of thicknesses and Dg» respectively. 
Circumstances are considered which may result in a completely water-
saturated profile or in the coexistence of both saturated or unsaturated 
zones within the profile. 
Initially, steady saturated flow was assumed by Zaslavsky (1964) 
to occur through both layers from ponded water at the soil surface 
down to a phreatic surface somewhere below. A simple criterion for a 
transition from saturated to unsaturated flow in the two-layer soil is 
the entrance of air at the interface between the layers. For some porous 
media this implies that the water pressure head at the interface must 
be negative in sign and greater than or equal to the critical capillary 
head or the air entry value in absolute value. Transition to unsaturated 
flow is shown to occur when the following condition is met; 
H< Di(K2/K]_ - 1) - hc(l + K2D1/K1D2) 
where H = depth of ponded water at the 
soil surface 
hg = critical capillary head of 
the top layer or bottom layer, 
whichever is the smallest. 
(For the case of water de-
sorption this quantity may be 
thought of as the maximum neg­
ative water pressure head which 
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uniform soil will support in 
a capillary fringe above a 
receding water table after it 
has stabilized.) 
This condition is simplified to the form 
H -C DI(K2/KI - 1) 
if the critical capillary head of the soil is sufficiently close to 
zero to be considered negligible. This simplified condition may also 
be restated in terms of saturated water flux through the layers. 
V < VI < V2 
where v = water flux through the two-layer 
soil profile with complete water-
saturation of the soil 
V]_ = water flux through the upper soil 
layer with the soil water-saturated 
V2 = water flux through the lower soil 
layer with the soil water-saturated 
The transition from unsaturated flow to saturated flow was con­
sidered (Zaslavsky 1964) by first assuming steady unsaturated flow for 
the profile. This assumption requires that soil water pressure heads 
be negative and their absolute value exceed the critical capillary head. 
The transition from unsaturated flow to saturated flow is shown to occur 
when the following condition holds: 
H > Dl(Ko2/Kl - 1) - ho 
where Kq2 = hydraulic conductivity of the lower 
soil layer at the critical capillary 
potential, h^ 
Again we assume hg to be negligible and simplify this condition to 
H > Di(K2/KI - 1) 
which is the exact opposite of the condition found for the reverse 
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transition. 
From results of this analysis Zaslavsky (1964) concluded that 
saturated flow occurs under high water pressure heads and low hydraulic 
resistance at the point of entry. A zone of unsaturated flow occurs 
when the water head at the soil surface is low and when the resistance 
near the point of water entry is high. Thus the existance of a less-
permeable layer having a much smaller saturated hydraulic conductivity 
than that of an underlying soil layer in a two-layer soil profile ex­
plains the formation of a zone of unsaturated flow. Provided perched 
water does not extend down to the interface between layers, the flow 
will be governed only by the top layer. 
Behnke and Bianchi (1965) measured water pressure distributions 
with depth for steady downward water flow through two-layer sand 
columns ponded with a constant depth of water. Positive water pres­
sures occurred near the surface of the least-permeable layer and neg­
ative pressures developed with depth, reaching a maximum at or near 
the interface between sand layers. A zone of constant negative water 
pressure occurred beneath the interface resulting in a negative hy­
draulic gradient of unity. Below this zone negative water pressures 
decreased in absolute value downward to the column base where the 
pressure was atmospheric. 
The constant water pressure zone beneath the interface was 
explained by Behnke and Bianchi (I965) on the basis that the actual water 
flux through the fine sand was so small relative to the potential flux 
through the coarse sand when saturated, that negligible frictional 
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resistance was encountered beneath the interface. The unsaturated 
hydraulic conductivity for this zone was shown to vary with the water 
pressure head maintained at the column surface. 
A theoretical and experimental analysis by Zaslavsky (I968) related 
the influence of water table location to steady water flow through a 
soil profile having a control layer at the surface. As long as the 
zone of transition from unsaturated to saturated flows does not extend 
upward to the interface between layers, the water flow velocity is in­
variant to the position of a water table in the lower layer. An expres­
sion was given which permits calculation of the flow velocity through 
the control layer. 
1 ^ + 1 
(1 - di/Di) 
where v = steady water flow 
velocity 
K]_ = saturated hydraulic 
conductivity of the 
control layer 
D% = thiclcness of the 
control layer 
H = water pressure 
head at soil 
surface 
d]_ = length of unsaturated 
portion of the con­
trol layer 
The length d^ was calculated by first assuming two functional forms 
by which unsaturated hydraulic conductivity was thought to vary with 
the negative pressure head and then an iterative procedure was used 
to solve Darcy's equation. 
V = K} 
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Recently Srinilta (I967) presented in detail a theoretical analysis 
for steady water flow vertically downward through a two-layer soil column. 
The simple flow system of a uniform soil was first considered, and the 
analysis then proceeded to the more complex system involving a layer of 
lower saturated hydraulic conductivity overlying a layer of higher conduc­
tivity. For the case involving a uniform soil profile, separate treat­
ments were given to saturated and unsaturated flow regimes, and then to 
the situation involving coexistence of both these regime types within 
the soil column. Saturated flow requires that the water pressure head 
h, at any depth, must not be smaller than the critical capillary head 
hg, or h is greater than or equal to h^, and unsaturated flow requires 
that h is less than h^ for all depths. Coexistence of the two regimes 
within a two-layer soil requires that h be greater than h^ in a region 
at or near one end of the profile, that h be less than h^ at the op­
posite end, and that h equal hg at some location in between. Results 
from theoretical treatment of flow for uniform soil are used to present 
valuable insights into the physics of water flow in a two-layer soil. 
Srinilta (196?) stated that a quantitative description of the shape 
of the water pressure head profile to be found in uniform soil can be 
given if the direction of change of the slope of the head profile with 
changing depth, d^h/dz^, is known. The slope change with depth is 
expressed as 
For the case of saturated flow and a constant saturated hydraulic 
conductivity KQ the quantity d^h/dz^ equals zero which implies that 
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the slope of the pressure head profile is constant or equal to zero at 
all depths. If the water pressure head is constant at all depths, 
the profile slope is zero, but if the inflow and outflow pressure heads 
are unequal, the slope will be constant and have the value 1 - v/KQ. 
For unsaturated flow (Srinilta 196?) in uniform soil, d^h/dz^ equals 
zero implies that the negative pressure head is constant at all depths, 
but non-zero values of d^h/dz^ implies that the slope of the head profile 
will be given as a function of the unsaturated hydraulic conductivity, 
1 - v/K(h), The sign of non-zero values for d^h/dz^, will depend upon 
the sign of the quantity dK(h)/dz. Since K increases as h increases for 
unsaturated soil the quantity dK/dz and thus d^h/dz^ will be negative 
or positive according as pressure head increases or decreases with in­
creasing depth. Thus for unsaturated flow the water pressure head pro­
file will be concaving to the left or right accordingly as pressure head 
decreases or increases with increasing depth. 
When the entire profile of a two-layer soil undergoes strictly 
saturated flow, Srinilta (196?) has shown that insight into the pressure 
distribution within each layer is possible from analysis of the pres­
sure head hj at an interface. This pressure head depends not only upon 
inflow and outflow water pressure heads but also upon the thickness and 
hydraulic conductivity of each layer, as is apparent from the following 
relation; 
(h^ + Dl) (^2 - Dg) 
= (1 + R1/R2) (1 + R2/R1) 
where R^/Rg = DiKg/DgK^ 
and Dg = thicknesses of the 
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upper and lower soil layers 
respectively 
and K2 = saturated hydraulic conducti­
vities of the upper and lower 
soil layers, respectively 
R1/R2 = ratio of the hydraulic resist­
ances of the upper and lower 
soil layers 
h% and h2 = input and output water pressure 
heads, respectively, for the 
two-layer soil 
By maintaining the ground water table at the interface and considering 
the case where R-j_ is greater than R2 and is greater than h^ which 
is greater than zero,this equation simplifies to the form 
Ch^ + _ R2 (^] 
(1 + R1/R2) ~ Ï" (% + 
Since the second term of the right-hand side of the simplified expression 
for hj represents the product of the cross-sectional area and the water 
flux for the entire soil column, substitution into and rearrangement of 
terms in that equation results in a second expression for the interface 
pressure head = AR2V = v(D2/K2) 
h% = AR2V 
where A = cross-sectional area 
of the soil column 
As is to be expected for saturated flow of water, the equation shows 
hj to be greater than zero. By comparing differences first between ex­
pressions for hj and the inflow water pressure head and then between 
expressions for hj and the outflow water pressure head, Srinilta (I967) 
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inferred the direction of slopes for water head profiles in upper and 
lower layers of soil. Although the pressure head profiles are straight 
lines in both layers, the slope in the lower layer is always negative; 
whereas, negative, positive or zero slopes will occur according as D2/K2 
is less than, greater than or equal to h^/K^. 
Development of unsaturation in an initially saturated two-layer 
soil is conceivable for the moment that water flux through the lower 
soil layer becomes larger than the flux through the upper layer. Assum­
ing this condition to be satisfied and positive water pressure heads to 
be maintained at inflow and outflow ends of the two-layer soil column, 
Srinilta (I967) examined the pressure head profile for the case of 
_ ^existence of an unsaturated zone in between two saturated zones. If 
soil depth is plotted on the abscissa with the positive direction 
downward versus water pressure head along the ordinate some of his 
findings may be summarized as follows: 
(1) "The water pressure head profile always has a positive 
slope in the upper layer. The head profile is a straight 
line in the saturated zone, but below in the unsaturated 
transition zone the profile is concave to the left. 
(2) "In the lower layer the pressure head profile is concave to 
the right in the unsaturated transition zone; whereas, in 
the underlying saturated zone the head profile is a straight 
line with a negative slope. A zone of constant negative 
pressure head with increasing depth may occur above the 
transition zone. 
(3) "The column water flux is larger than the saturated hydraulic 
conductivity of the upper layer but is smaller than that of 
the lower layer. If a zone of constant pressure head, exists 
in the lower layer, the flux is equal to the unsaturated 
hydraulic conductivity of the lower layer soil at the in­
terface water pressure head. 
(i|.) "For the case where the value of the critical capillary head 
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for the lower layer hç2 exceeds that for the upper layer, 
^cl' the pressure head at the interface hj, is equal to 
hc2. Should the value of hj decrease below h^g, the lower 
portion of the upper layer will become unsaturated, whereas 
the lower can remain saturated throughout as long as the 
condition that hj is greater than hg^ Is met. The upper 
part of the lower layer will also become unsaturated if hj 
becomes less than h^]^." 
Based on experimental results Srinilta (196?) also arrived at the 
following conclusions; 
(1) "For a given depth of ponded water, characteristics and 
thickness of the upper layer soil determine almost entirely 
the column flux of water, interface water pressure head and 
pressure head profile in the upper layer. The head profile 
in the lower layer is determined by characteristics of the 
lower layer of soil. 
(2) "The statement that a zone of "constant negative water 
pressure head" exists beneath the interface of the two soil 
layers is only approxiraately true. Pressure head does 
change i-7ith depth in this zone although the rate of change 
may be quite small. 
(3) "Water flux from the column decreases with an increase in 
thickness or decrease in saturated hydraulic conductivity 
or both for the upper layer soil. Decreasing the depth 
of ponded water may also result in a decrease in flux. 
Increasing the water table depth was not found to neces­
sarily result in a decrease in the flux. 
(4) "An unsaturated zone in the upper soil layer can be of 
considerable thickness depending on characteristics of the 
upper layer soil and on the moisture history of the soil 
column," 
Miscible Displacement of Solutes in Porous Media 
Miscible displacement in porous media refers to the displacement 
of one fluid ty a second fluid when the two fluids are mutually soluble 
(Collins 1961, page 207). When the fluids used are aqueous solutions 
where the displacing solution contains solute ions or molecules of 
interest, we may speak of miscible displacement of solutes. During 
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displacement, the moving front undergoes spreading as a result of 
mixing of the two solutions ty molecular diffusion and convection 
(mass flow). Gradients in solute concentration in the vicinity of the 
advancing front or within individual pores drive the diffusion, and 
convection occurs as a consequence of the distribution of microscopic 
flow velocities within the porous medium. If the solute or aqueous 
solution interacts with the porous medium, miscible displacement can 
be complicated by the processes of ionic exchange, anion repulsion, 
adsorption, biological degradation, etc. Since the total surface area 
exposed and the retention time for a solute in porous medium increase 
with increasing length of the porous medium, the amount of mixing which 
occurs during displacement of a solution through a column of porous 
medium will be greater for longer columns. 
Miscible displacement experiments in soil are generally accom­
plished by applying a displacing solution to one end of a soil column. 
Flow velocities and water contents through the soil are controlled. 
Small increments of liquid effluent from the column are collected and 
analyzed to determine the concentration of the displacing solute. The 
solute concentration in the effluent plotted versus the volume of 
effluent collected results in what have been termed "breakthrough 
curves." Solute concentration is normally expressed as a dimensionless 
ratio, C/CQ^ of the solute concentration in the effluent, and the initial 
solute concentration in the displacing solution. A dimensionless ratio, 
V/VQ, referred to as "pore volume" is sometimes used to express the 
accumulative volume of effluent. Pore volume is obtained by dividing 
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the effluent volume by the volume of water in the column under the 
conditions of the experiment. 
Theories for miscible displacement in porous media have been 
developed which sometimes attribute mixing of two miscible fluids to 
continuous variations in microscopic pore velocities and molecular 
diffusion. Because of the complexity of the physics involved, math­
ematical treatments of such problems have been obtained only after 
making certain simplifying assumptions. A review of these simplified 
models led Collins (I961) to state that, "a completely successful 
theory of dispersion in porous media has not been formulated." 
For miscible displacement in soil, one of the most complex of 
porous media, Nielsen and Biggar (1962) stated that solute distribu­
tion in a soil cannot be fully predicted by any theoretical approach 
based on several simplifying assumptions. Because the total flux of 
water moving through field soils is generally small, any general theory 
of dispersion must include both hydrodynamic mixing and diffusional 
mixing. Magnitudes of effects of individual dispersion mechanisms 
cannot be determined. However, interactions of these processes occurring 
simultaneously may be ascertained by comparing experimental data with 
simplified models. A case in point is that the interaction between 
velocity distribution and diffusion can be obtained by experimentally 
measuring diffusion in transient flow, stationary flow and static 
conditions in the same medium. 
A mathematical model commonly used for miscible displacement in 
nonreactive porous media utilizes the following differential equation 
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for fluids of equal density and viscosity 
u = microscopic pore velocity 
D = dispersion coefficient 
where the constant D takes into account the coupling that exists be­
tween mixing by diffusion and mixing due to the variable microscopic 
pore water velocities. Nielsen and Biggar (I963) have shown that D is 
not actually a constant but increases as u decreases. This equation 
has been solved by Rafai, et. al. (1956) and Ogata and Banks (I96I) for 
the situation involving a semi-infinite medium and a step input of 
displacing solution followed by continual displacement 
C/Co = i ®rfc(2-^^) + i exp(ux/D) erfc(^~=) 
for the boundary conditions where C = C(x,t) 
C(0,t) = CQ, t^O 
C(x,0) = 0, x>0 
C(x,t) = 0, x-» CO and t>0 
The second term of the right hand side of this equation may be dropped 
since it can be considered negligible with an error less than 5^ when 
D/UX<0.0075. For columns of finite length Brenner (1962) has solved 
this equation numerically for various values of 
P = uL/4D 
where P = Peclet number 
L = column length 
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Experimental values of D for chloride have been determined by Kay and 
Elrick (1967) using this equation. Appropriate Peclet numbers were 
determined by obtaining the "best fit" when observed breakthrough 
curves and theoretical curves were calculated for different values of 
P tabulated by Brenner (I962). 
For reactive porous media, such as soil, it becomes necessary to 
know the relationship of the concentration of the chemical in the liquid 
phase and that in the reacted phase. For many nonvolatile chemicals we 
may assume equilibrium between adsorbed and solution phases of tracer 
throughout the soil core and linear adsorption where 
S = quantity of chemical adsorbed 
per unit volume of solution 
phase 
R = distribution coefficient phase 
" = concentration of chemical in 
adsorbed phase divided by the 
concentration of chemical in 
solution phase 
9 = water content on a volume basis 
C = concentration of chemical sub­
stance in solution phase 
/ = bulk density of soil 
Thus for this case the differential equation for dispersion becomes 
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where K = retardation factor for the column 
= 1 + R/'/e 
The retardation factor is related to the effective pore volume by the 
expression 
Vq = AL(0 + RP) = AL0K 
•where A = cross-sectional area of the 
soil core 
L = length of the soil core 
This equation has been solved by Hashimoto, Deshpande and Thomas (1964). 
In a discussion of theoretical considerations for miscible dis­
placement in porous media, Nielsen and Biggar (1962) discussed the types 
of breakthrough curves predicted from existing theories of dispersion. 
For the extremely ideal situation where no mixing due to diffusion or 
convection occurs, the tracer front proceeds ty piston flow. For piston 
flow the breakthrough curve is a vertical line passing through the point 
at one pore volume of effluent. This type of transport process would 
be expected for a single capillary tube of constant radius, and cannot 
be expected to occur in soils. But the model gives insight into the 
occurrence of mixing in soil by establishment of the vertical line at one 
pore volume as a point of reference for comparison with more realistic 
types of breakthrough curves. If mixing results entirely from convection 
(mass flow) in a nonreactive soil having rather large microscopic flow 
velocities narrow in their distribution, a skewed sigmoid breakthrough 
curve will pass through C/C^ = 0.5 at one pore volume. Coupling of 
molecular diffusion with the convection during miscible displacement 
results in translation of the curve to the left at the smaller flow 
velocities as well as a slight cloclacLse rotation. Another type of 
breakthrough curve occurs for miscible displacement in nonreactive porous 
media having an extremely wide range in velocity distribution. Assuming 
dispersion results from both diffusion and convection, this type of curve 
is concave to the right. For each type of brealcthrough curve in non-
reactive media, the area enclosed beneath the curve and to the left of 
a vertical line passing through one pore volume is equivalent to the 
area enclosed above the curve but to the right of that line. 
Two types of curves are given for cases where the solute and the 
soil interact. If the reaction is a chemical process, a precipitation or 
an exchange, the sigmoid curve is displaced to the right with only a 
small portion of the curve extending to the left of one pore volume. 
Exclusion of the solute by a solute-solid interaction or a velocity 
distribution vjith velocities near zero results in a sigmoid breakthrough 
curve with a large displacement to the left of one pore volume. 
A useful quantity referred to as "holdback" has been defined as 
the area beneath the portion of the brealcthrough curve displaced to the 
left of the vertical line for piston flow which occurs at one pore volume. 
For soils, holdback is a measure of the volume of original soil solution 
not displaced but remaining within the sample. Values for holdback 
vary from zero for piston flow to values less than one for other cases. 
Nielsen and Biggar (I96I) have shotm that the magnitude of holdback 
for water-unsaturated soils greatly exceeds that for saturated soils. 
A slow approach to a maximum C/C^ = 1 also occurs and the skewness of 
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brealcthrough•curves increase upon desaturation. They attributed part of 
this to the extremely xjide range in microscopic pore velocity and 
a changing cross-sectional area between displacing and displaced solu­
tions for miscible displacement through unsaturated soil. The influence 
of molecular diffusion upon dispersion is greater for displacement 
through unsaturated soil than for saturated soil. 
The simultaneous use of two solutes in the displacing fluid was 
recommended by Handy (1959) a-s a valuable means for evaluating the 
effect of molecular diffusion on the type of breakthrough curve obtained 
from a miscible displacement experiment. If the molecular diffusion 
coefficients vary widely for the two solutes, the degree of mixing due to 
differences in diffusion may be directly compared for a unique pore 
velocity distribution from a single experiment. Use of a single solute 
to measure the amount of mixing attributable to diffusion requires 
several experiments involving different average flow velocities. If 
two tracers having different diffusion coefficients are used in an ex­
periment and the diffusion is assumed to be primarily in the direction 
transverse to the direction of liquid flow, the solute with the larger 
diffusion coefficient will produce the sharper breakthrough curve; 
however, if the main direction of diffusion is in the direction of flow, 
the solute having the smaller diffusion - coefficient will produce the 
sharper breakthrough curve. 
A refined laboratory technique developed by Nielsen and Biggar 
(1961, 1962, 1963) gives a convenient procedure for study of miscible 
displacement of water and soil amendments in soil columns. Study of the 
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movement of different chemical solutes under controlled conditions of 
flow velocity, water content and soil atmosphere. In this method, a 
solution containing a chemical of interest is applied to one end of a 
soil column. This solution and the solution originally present in the 
soil are displaced through the soil at a steady flow velocity and a con­
trolled water content. Effluent from the column is collected in small 
increments and analyzed to determine the distribution of concentration 
of the chemical with the volume of solution eluted from the column. By 
plotting the concentrations expressed as fractions of the initial con­
centration of chemical present in the displacing solution versus the 
volume of effluent expressed in units of volume or in dimensionless 
units of pore volume (volumetric moisture capacity of the column), one 
obtains what is commonly called a breakthrough curve. If the displacing 
solution is applied continuously as a step function the resulting break­
through curve will be monotonically increasing, but if the volume of the 
displacing solution is finite the curve will increase from C/CQ =0 
to a maximum and then decrease until C/C^ =0 is again reached. 
Experimental apparatus developed by Elrick and French (1966) 
permit simultaneous" control of soil water content and pore water 
velocity during investigation of miscible displacement processes in water-
unsaturated soil. Placing perforated acrylic cylinders filled ivith soil 
inside a pressure chamber enables water content of the sample to be con­
trolled by regulation of air pressure in the chamber. Flow velocity of 
water through the soil can be controlled either by a constant 
volume pump or by regulation of inflow and outflow water pressure heads. 
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Experiments involving a step-function input of tracer solution into a 
porous media initially filled with non-tracer solution or vice versa are 
readily performed with this procedure. Using this apparatus for miscible 
displacement in disturbed and undisturbed soil cores, the breakthrough 
curve for the nonadsorbing ion, chloride was shown to reflect pore size 
distribution and pore connectivity patterns. For the adsorbing chemical 
atrazine, Elrick, Erh and Krupp (I966) observed the appearance of the 
breakthrough curve to be delayed until about the third pore volume. 
This delay was postulated to occur as the result of adsorption of the 
chemical by the soil; whereas, divergence between observed and theoretical 
curves occurring when the relative concentration C/Cg, exceeded 0.5 was 
attributed to.delayed adsorption and diffusion within soil aggregates 
and dead-end pores. Kay and Elrick (196?) also observed a similar diver­
gence between observed and theoretical breakthrough curves of Lindane 
for relative concentration values greater than 0.6. Elrick and Maclean 
(1966) observed that for values of C/CQ , 0.8 the measured break­
through curve for 2,4-D deviated from the theoretical curve. The leveling 
off was attributed to a change in adsorption or degradation of the 
chemical. 
Elrick, Erh and Krupp (I966) applied a miscible displacement 
technique in a study of the movement and microbiological nitrification 
of ammonium-nitrogen to nitrate-nitrogen during water-unsaturated flow 
conditions in soil, A solution containing 100 ppm nitrogen as (NH 
was introduced to an enriched soil core as a step function and continuously 
thereafter. An adequate supply of oxygen was supplied in the form of air 
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to the pressure chamber containing the perforated soil column. Due to 
enrichment of the soil with nitrifiers and a short washing period, break­
through curves of nitrate-nitrogen in the effluent indicated nitrification 
of the applied ammonium-nitrogen was immediate and complete. No lag 
phase was observed. During the changeover from distilled water to 
ammonium sulphate solution the pore water velocity changed from 0.17 to 
0.21 cm/hr, and the changeover from ammonium sulphate solution to dis­
tilled water produced a velocity change from 0.19 to 0.17 cm/hr. A cycle 
of about 2^ days duration was observed in the nitrate content of the ef­
fluent which was postulated to result as a consequence of changes in the 
soil oxygen content due to microbial oxidation. Investigation of nitri­
fication by the miscible displacement technique used in this paper presents 
definite advantages to the perfusion technique (recycling of soil solution) 
commonly used to study nitrogen transformations in flowing systems. 
Methods have the common advantage over static incubation techniques of 
permitting continuous investigation of nitrification without disturbing 
the soil. However, the perfusion method presents the disadvantage that 
changes in physical and chemical properties of the solution may affect 
the nitrification process itself. 
With a porous medium, the movement of chemical substances can take 
place by diffusion or convection in either the liquid or vapor phase. 
Diffusive movement results from concentration gradients; and convection 
or mass flow of water and/or soil air lùll drag the chemicals along 
with them. Elrick, Biggar and Webber (I966) found that vapor phase 
transfer is most important at low moisture contents and for volatile 
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substances. If the chemical reacts with the soil it becomes necessary 
to know the relationship between the concentration of the chemical in 
the solution (or perhaps vapor) phase and that in the reacted phase. 
Factors Affecting Denitrification In Soil 
Denitrification is the biological reduction of nitrate or nitrite 
to gaseous forms of nitrogen such as molecular nitrogen and the oxides 
of nitrogen. Species of bacteria which are capable of performing deni­
trification are facultatively anaerobic bacteria which means that the 
bacteria can adjust to aerobic and anaerobic environments. Most of the 
denitrifiers use molecular o>ygen preferentially as a hydrogen acceptor 
(or electron donor) but may also use the combined oxygen from nitrate 
and nitrites as a substitute (Allison I966). Sometimes under conditions 
which provide a low level of oxygen supply, a microorganism may use 
both types of electron donors, (Cady and Bartholomew I96I). 
The environment of microorganisms in soil is sufficiently complex 
to warrant consideration of many factors which affect denitrification 
in soil. Bremner and Shaw (1958) list some of these factors as differ­
ences in soil types, pH, temperature, water content of the soil, supply 
of oxygen, and the nature and content of organic materials in the sub­
strate. During investigations of these factors they observed that dif­
ferent soils sometimes gave different rates of denitrification. In acid 
soils denitrification was very slow but in soils of high pH, denitri­
fication was very rapid. They suggested that loss of nitrogen by deni­
trification VJill be insignificant if the soil pH is less than 5- The 
rate of denitrification increased rapidly from temperatures of 2 degrees 
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to 25 degrees centigrade,, but the rate was not affected significantly 
by an increase in temperatures from 25 degrees to 70 degrees centigrade. 
Denitrification was optimum in the vicinity of 60 degrees centigrade but 
above 70 degrees centigrade denitrification was inhibited. These workers 
concluded that denitrification occurs only when the supply of oxygen 
required ty the soil microbes is restricted. The presence of organic 
matter in the substrate was deemed a requisite for denitrification of 
nitrate since microbial denitrifiers require organic carbon to provide 
an energy source for growth and an electron source for microbiological 
reduction of nitrate-nitrogen. Higher contents of water in soil were 
also found to favor denitrification more than low water contents. Since 
denitrification occurs under conditions where aeration is restricted, 
Corey, Nielsen and Kirkham (I967) contend that the physical aspect of the 
soil environment is a very important determinant of the extent of de­
nitrification, Four physical factors are listed which influence the 
loss of added nitrate by denitrification; (l) water content of the 
soil, (2) oxygen status of the solution, (3) nature and content of 
the organic substrate and (4) flow velocity of the soil solution. By 
the porous nature of soil, water content of the soil and oxygen status 
of the solution are interrelated. Consideration of the flow velocity 
of the solution permits study of the dynamic aspects of denitrification 
in soil. A dynamic approach is more realistic than a static approach 
since under field conditions the soil solution is continually moving. 
In aerobic soil and in microbial cultures, oxygen inhibits bacterial 
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denitrification. Investigations try several workers—Bremner and Shaw 
(1958), Wijler and Delwiche (195^)t McGarity, Giljuour and Bollen (1958), 
Carter and Allison (I960), Nommik (1956), and Jansson (1958)—concluded 
that denitrification could not be detected under aerobic conditions. 
Work by other investigators—Broadbent (1951). Schwartzbeck, MacGregor 
and Schmidt (I96I), Greenland (I962), Skerraan, et al. (1958)—concluded 
denitrification occurred under aerobic conditions. Wagner and Smith (1958) 
showed that denitrification may or may not occur under aerobic conditions. 
Still other investigators—Allison, Carter, and Sterling (I960), Greenwood 
(1962b, Cady and Bartholomew (I96I) and Kefauver and Allison (1957)—have 
studied denitrification under different partial pressures of oxygen and 
noted that although increased partial pressure of oxygen from low levels 
decreased nitrate reduction, it does not always stop it completely. 
Seemingly conflicting reports from all of these investigations can be 
explained partially by the fact that actively growing bacteria in a liquid 
medium,regardless of whether the liquid be a nutrient solution or a soil 
solution, may utilize the dissolved oxygen more rapidly than it can be 
replenished. Allison (I966) has stated that increasing the biological 
demand for oxygen by maintaining a high level of bacterial activity 
will decidely increaso the oxygen scarcity and the opportunity for deni­
trification. Maintaining optimum levels of environmental factors like 
water content, food supply, temperature, pH, etc, is conducive to such 
a high level of bacterial activity, 
Broadbent and Clark (I965) have stated the rate at which oxygen 
is supplied to microorganisms is more important than the partial pressure 
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of oxygen in determining whether or n^^t denitrification will occur. 
Temporary anaerobism is a feature of nearly all soils since water-
saturation or addition of organic wastes may impose a heavy oxygen demand. 
Owens (i960) stated that capillary soil pores which are filled 
with water are particularly prone to the development of anaerobic condi­
tions, even though many of the larger pores are filled with air. The 
size of denitrifying bacteria range in size from one micron to several 
microns in diameter. Since bacteria are thought to be adsorbed on soil 
pore surfaces, probably only those capillary pores having diameters 1 to 6 
microns can be inhabited by denitrifying bacteria. Based upon this 
contention it is possible for nitrification to occur simultaneously with 
denitrification but in different regions of a soil. 
Allison, Carter and Sterling (I96O) added nitrate to samples of 
Branchville Sandy Loam which had moisture contents corresponding to 
1/3 atmosphere of suction and incubated the samples at 30 degrees centi­
grade. When these soils were aerated for a period of 1-3 weeks with nitro­
gen gas containing 0.46^ by volume of oxygen, losses of nitrogen were as 
high as 10^ of the added nitrate-nitrogen in the absence of added carbon­
aceous material and 50^ in the presence of 0.5/O glucose. Aeration of the 
soils with nitrogen gas containing 2.2?^ oxygen resulted in nitrogen 
losses which were significant in only half of the samples. Only trace 
losses occurred during aeration of the soil samples with air even in the 
presence of up to 1$ glucose. 
Incubation studies using Norfolk Sandy Loam by Cady and Bartholomew 
(1961) showed that only under conditions of high levels of carbonaceous 
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material, an available nitrate supply,and an oxygen level of less than 
7^ volume would an appreciable amount of nitrate be reduced to gas­
eous forms. Nitrate losses after a given period of time with 1,0 to 
1.6^ and by volume of oxygen maintained constantly in the gaseous phase 
were approximately 5 times those at 4-5.7^ and 25 times those at 7-8.5^. 
Greenwood (1962b) maintained different partial pressures of oxygen 
in the gaseous phase while percolating a solution of glucose, ammonium 
and nitrate through soil samples. He observed no nitrate losses during 
percolation under aerobic conditions when percolation under anaerobic 
conditions preceded aerobic conditions. Soils that had been percolated 
under aerobic conditions, when put under anaerobic conditions and with 
fresh solution added, lost nitrate after a lag phase. Additions of larger 
amounts of glucose for the aerobic percolation decreased the period of 
the lag, 
Ekpete and Cornfield (I965) added nitrate to soil under different 
water contents for a period of 12 weeks at a temperature of 28 degrees 
centigrade with soil pH maintained at 4,7 and with no addition of carbon­
aceous material, nitrate losses expressed as percentages of applied 
nitrate-nitrogen were 2,5 and respectively for 20 and 100^ water-
saturation, With pH 6,5, losses at these same moisture contents were 
10.3 and 82,4^, With compost added to the soil, and pH at 6,5, nitrate 
losses for 20 and 100^ water-saturation were 24,4 and 96,1^, respectively. 
Movement of Chloride and Nitrate Through Soil 
Miscible displacement experiments by Corey (I966) have shown that 
chloride and nitrate may not move through a given soil at the same 
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velocity of displacement. For some soils, Ida and Edina, the velocity 
of displacement for chloride exceeded the velocity for nitrate, but for 
other soils,Ida and Edina subsoils for example, velocities for chloride 
and nitrate were the same. The shape of breakthrough curves of nitrate 
and chloride differed widely for the various soils studied. Displacement 
of chloride and nitrate through a muck soil (27.12^ organic carbon) re­
sulted in breakthrough curves that were very flat while breakthrough 
curves for chloride and nitrate for Ida subsoil were very pointed. The 
dispersion coefficient calculated for chloride was very large in the 
muck soil (1.533 cm.^/hr) and was very small in the Ida subsoil (0.094 
cm^/hr). The shape of breakthrough curves for chloride and nitrate also 
were observed to vary with water content of the soil. The maximum 
relative concentration of anion, C/CQ, in the column effluent was greater 
when the water content of the soil was maintained at low values than 
at high values. 
Corey, Nielsen and Kirldaam (196?) used miscible displacement ex­
periments to determine the influence of water flow velocity and soil 
water content upon the movement of chloride and nitrate ions through 
soil and to determine the effect of different concentrations of sucrose 
in the soil solution upon denitrification of added nitrate. Solutions 
of 100 ml volume and 415 ppm nitrate-nitrogen were added to one end of 
30-cm long soil columns. The loss of added nitrate by the combined 
effect of denitrification and microbial assimilation was determined 
by comparing breakthrough curves for nitrate with chloride curves. 
The amount of nitrate lost by immobilization and denitrification 
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was observed to be related to the velocity of flow. At a flux of 1.32 
cm/hr no loss occurred but 21^ of the added nitrate was lost at a 
velocity of 0.11 cm/hr. This result is as expected since the faster the 
velocity the shorter is the time afforded to permit microorganisms to use 
nitrate moving through soil. Theoretically, the maximum retention time 
for nitrate in the soil occurs for static incubation, that is, when the 
flow velocity is zero. However, since soil solution moves under field 
conditions the investigators state that studies of denitrification and 
immobilization of nitrate should include consideration of flow velocities 
as well as water contents and soil-air atmospheres. 
Sucrose did not measurably influence the loss of added nitrate 
until quantities of sucrose expressed as carbon, in excess of 21 ppm,had 
been added to the solutions used as soil water. With sucrose added to 
both the nitrate and non-nitrate-containing solutions, sucrose-carbon 
concentrations of 0, 21, and 84 ppm resulted in the nitrate losses of 
21, 21, and 6?^, respectively. 
In the absence of sucrose addition, and with a flow velocity of 
1.32 cm/hr, no net nitrate loss occurred when the soil was saturated, 
but a net nitrate gain of 12^ resulted when the soil water content was 
maintained at 79.5/° of saturation. With a reduced flow velocity of 
0.034 cm/hr and a water content of only 67.5^, there resulted a net 
nitrate gain of % over the applied amount. 
Denitrification of added nitrate normally prevents investigation 
of nitrate movement at small flow velocities through saturated soil. 
Corey, Nielsen, Picken and Kirkhara (I967) overcame this obstacle by 
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following miscible displacement of nitrate and chloride in sterile 
soil columns. Using a constant flow pump to maintain a flow velocity 
of 0.055 cm/hr in a sterile soil column, they observed the brealcthrough 
curve for nitrate to be similar to the chloride curve and with no losses 
for either chloride or nitrate. A slight displacement of the nitrate 
curve to the right of the chloride curve indicated a later arrival in 
the effluent. In a separate experiment but at the same flow velocity, 
nitrate losses for nonsterile, sterile and innoculated columns were 66, 
0 and 37^» respectively, of the added nitrate. A symmetrical nitrate 
breakthrough curve for the nonsterile soil implies that changes in the 
microbial population were relatively insignificant during the course 
of the experiment; whereas, an unsymmetrical nitrate curve for the in­
noculated soil implies that the microbial population increased rapidly 
throughout tlie experiment. 
Partial leaching of a soa.l under unsaturated flow conditions by 
Dyer (I965) which showed excessive concentrations of chloride and nitrate 
above the wetted front indicated that chloride and nitrate ions were 
not perfect tracers of all the water contained in unsaturated soils. 
A saturated CaSOij, solution was applied to the surface of a column 11? 
inches long packed with soil containing appreciable quantities of 
chloride and nitrate and initially a negative water pressure of I6 at­
mospheres. At the end of 1.5 days of infiltration the wetting front 
was apparent at 53.5 inches depth. The soil column was then allowed to 
drain for 27 days, after which water, chloride and nitrate contents were 
measured for soil samples removed at intervals along the column. These 
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analyses indicated that the wetting front had extended to a depth of 
95 inches. Below this depth the chloride, nitrate and water contents 
were essentially the same as before infiltration was initiated. In a 
zone extending from the final wetting front upward to 56 inches the 
concentrations of chloride and nitrate were about twice those initially 
found before infiltration began. The upper limit of this zone occurred 
just below the depth of a wetting front associated with the time when 
application of CaSO^ solution to the column surface was terminated. 
Between 0 and 56 inches depth, final concentrations of chloride and nitrate 
were less than found initially in the soil solution. This distribution of 
chloride and nitrate was attributed to salt sieving at the wetting front 
as it moved downward during both infiltration and drainage periods. Salt 
sieving results because in front of an advancing wetting front, the flow 
occurs in very thin films and the solution is forced into close proximity 
to the negatively charged surfaces of soil particles. Consequently, 
electrostatic repulsion and reduced flow velocity in close proximity to 
soil particles may tend to concentrate anions like nitrate and chloride 
in the solution of the thicker films which occur immediately above the 
advancing wetting front. A close parallel occurred between the behavior 
of chloride and nitrate during the experiment. 
Movement of Alkylbenzene Sulfonate Through Soil 
Detergents are used to remove oily substances from surface of 
solids. The removal is accomplished ty wetting the oily surface so as 
to lift the oil from the surface and suspend the oil in the washing 
solution so that it may be drained from the surface during these opera­
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tions or during rinsing (Young 1945). A good detergent lowers inter-
facial tension between the oil and the wash solution and then lifts 
globules of the oil from the surface. Surfactants or surface-active 
agents enable a detergent to lower the interfacial tension. A molecule of 
surfactant undergoes an orientation across the interface due to one end 
of the molecule being a water-soluble, polar group such as sulfonate and 
the other end being a hydrophobic, nonpolar group such as an aliphatic 
hydrocarbon chain. Thus at the interface between the oil and the aqueous 
phase the polar group dissolves in the water and the hydrocarbon chain 
is attracted to the oil phase. The accumulative effect of this orien­
tation of surfactant molecules reduces the interfacial tension. This 
is achieved by overcoming the tendency of the aqueous phase to present 
a minimum surface. The contraction tendency of the surface of the aqueous 
phase, which results from unbalanced cohesion forces across the liquid 
surface, is counteracted by a repulsion between adjacent surfactant 
molecules. Detergent action can be more simply stated in terms of 
relative tendencies for two immiscible liquids, oil and water, to wet 
a solid surface. Ordinarily for pure water the tendency of the oil to 
wet the solid exceeds that of the water to wet the solid, and the result 
is the oil remains coated on the solid. adding an appropriate sur­
factant to the water phase the tendency of the oil to wet the surface be­
comes exceeded by the tendency of the water to %fet the surface. Thus, the 
wash solution .wets the solid and the oil is suspended in the wash solution. 
One of the types of surfactants most widely used in the United 
States in formulations of synthetic detergents is the alkylbenzene 
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sulfonate group. These surfactants are comprised of a nonpolar all<yl 
group with a chain length of 10 to 15 carbon atoms and a water-soluble 
sulfonate group attached to a phenyl group. The hydrophilic portions 
are located near the end of the molecules, thereby, producing an orien­
tation of the surfactant more nearly perpendicular to the liquid surface. 
This orientation is partially responsible for the efficient reduction 
of interfacial tension by these surfactants. Since calcium, magnesium 
and iron salts of these anionic surfactants are soluble in water, alkyl-
benzene sulfonate does not have the undesirable property of depositing 
a heavy metal scum in hard water. During the period from 1950-1964 the 
principal member of the alkylbenzene sulfonate surfactants was a type 
which we shall refer to as A.B.S. The alkyl group in A.B.S. is a branched 
hydrocarbon chain of between 10 and 15 carbon atoms in length. This sur­
factant is obtained by all<ylating benzene with tetrapropylene, sulfon­
ating the product and converting to the sodium salt. Use of A.B.S. 
was discontinued by the United States detergent industry in mid-1965 
in favor of surfactants more easily decomposed by bacterial action in 
sewage (Swisher I966). One of the A.B.S. replacements, L.A.S., is an 
alkylbenzene sulfonate surfactant in which the alkyl groups are linear, 
ordinarily in the range of 10 to 15 carbon atoms. The anionic portion 
of an L.A.S. molecule is -1 where R is a linear alkyl R — — SO^ 
chain ranging from 12-15 carbons. The sulfonate portion of the anion 
is hydrophilic while the alkyl group with the attached benzene ring 
is the hydrophobic portion. 
Synthetic detergents may gain entrance to soil in a number of ways. 
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Disposal of domestic waste water from household septic tanks, irriga­
tion with waste waters, use of sewage sludge as a soil conditioner or 
fertilizer, seepage from oxidation ponds and lagoons for treatment of 
municipal sewage, and disposal of untreated sewage into streams are 
just a few of the many avenues ty which detergents get into soil. 
Mciylichael and McKee (I965) used intermittent percolation to pro­
duce an aeration cycle in soil during application of highly treated 
activated-sludge effluent. They concluded that under favorable aerobic 
conditions a soil disposal field previously innoculated with waste efflu­
ent could decrease the concentration of resistant A.B.S. from an 
average value of 1.8 mg/l to less than 0.2 mg/l in a few feet of vertical 
percolation. About 97^ of the removed A.B.S. was degraded biochemically. 
In sewage-innoculated columns of medium-coarse sand, each 26 inches deep, 
Mcl-Iichael and McKee (1905) found that only 57 to 60^ of the A.B.S. was 
removed and degraded; whereas for L.A.S. the removal and degradation 
totalled 89 to 91^. Bendixen, Robeck and Woodward (1963) used intermittent 
ponding of the surface of Ottawa Sand in columns of 3 to 10 feet in 
length to apply septic tank effluent to the sand. After about five 
months of effluent application, the columns were observed to remove 70 to 
80^ of the 11 mg/l of A.B.S. initially present in the effluent. With 
continuing operation this percentage increased. 
Robeck, Cohen, Sayers and Woodward (1963) used lysimeters of sand 
and soil to investigate disposal of waste water containing A.B.S. from 
a septic tank. The soils were periodically aerated as a consequence of 
intermittent application of the waste water to the lysimeters. They 
49 
concluded that the A.B.S. component that passes through a sewage treat­
ment plant can be biologically degraded in certain unsaturated soils at 
levels of 5 or 35 mg/l of A.B.S. to less than 0.5 mg/l. With the aid 
of S^-5 -tagged A.B.S,, adsorption of added A.B.S. was demonstrated to 
increase microbial degradation by increasing the contact time with the 
soil environment. 
Continuous displacement of tap-water containing 6 mg/l of A.B.S. 
through water-saturated columns of 4 Hawaiian soils as reported try-
Young, Lau and Barbank (196?), resulted in adsorptive capacities ranging 
from 8.6 to 36.44 micro-grams of A.B.S. per gram of soil. 
Robeck, Cohen, Sayers and Woodward (1963) found that the presence of 
organic matter greatly increased the adsorptive capacity of soil for 
A.B.S. A field soil which had an adsorptive capacity of about lOjug/gm 
was shown to have a capacity of lOO^g/gm after the soil became coated 
with organic matter during disposal of sewate waste to the soil. Other 
workers, Swing, Lefke and Banerji (I96I), also observed an increase in 
adsorption of A.B.S. when Ottawa sand was coated with organic matter. 
With an initial concentration of 50 mg/l, the sand in a column retained 
3.30 micro-grams of A.B.S. per gram of sand. However, after a biological 
slime had developed on the sand, the A.B.S. adsorption was seven times 
that amount. 
Krishna Murti, Volk and Jackson (I966) investigated the influence 
of several chemical characteristics of a range of Wisconsin soils upon 
adsorption of L.A.S. Subjecting all of the soil samples to aqueous 
solutions having 2 mg/l of A.B.S. for 24 hours resulted in adsorption of 
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L.A.S. over a range from 5 to 48 micro-grams per gram of soil. One 
of their observations was that organic matter increased A.B.S. adsorption. 
Removal of sesquioxides as a final pretreatment on the soils decreased 
the L.A.S, adsorption on treated soils versus the untreated soils. 
Suess (1964) measured the adsorption of A.B.S., in aqueous solution by 
a variety of porous materials. For Ottawa sand, adsorption per gram of 
material was found to be approximately 229 times as great as that for 
Panther-Creek bentonite. However .when the A.B.S. adsorption was express­
ed per unit area of surface area of absorber the adsorption intensity 
on Ottawa sand was 162 times higher than the intensity for the bentonite. 
Other investigators, Kay and Elrick (I967), found sand and silt mineral 
fractions of soil were more effective adsorbers of Lindane than bentonite 
when the comparison was on a unit-surface area basis. They attributed the 
lower adsorptivity of bentonite to the presence of a quasicrystalline 
film of adsorbed water on the clay surfaces, 
Weber and Rumer (I965) calculated coefficients of molecular dif­
fusion for a number of L.A.S. homologues based upon measurements of 
removal of solute from bulk aqueous solution and separate measurements 
of adsorption isotherms for fine grained carbon. When the initial 
concentration of solute was 30 micromoles per liter of solution, the 
diffusion coefficients for four of these homologues ranged from 3.8 to 
5.6 X lO'^cm^/sec. A comparison of these coefficients to the coef­
ficients of molecular diffusion (Weast I967) 1.91? and 1,846 cm^/sec, 
respectively, for the inorganic compounds KCl and KNO^ in 0.01 molar 
aqueous solution shows the diffusion of KCl and KNO^ to proceed at a 
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rate lo"^ times faster than L.A.S. 
Pelishek, Osborh and Letey (I962) state that the effect of a 
wetting agent upon infiltration rates of water into soils depends upon 
the balance between two opposing forces, inasmuch as addition of the 
wetting agent to the water reduces both the surface tension and the 
contact angle. A decrease in the water surface tension would result 
in a decrease in infiltration rate; whereas, a decrease in the water-
soil contact angle would cause an increase in infiltration rate. These 
two effects of a wetting agent influence soil water content through the 
following expression for water suction P; 
p = 26cos9 
r 
6 - surface tension of aqueous 
solution 
0 = soil-water contact angle 
r = effective pore radius 
They hypothesized that the greatest influence of wetting agents on 
infiltration rates occurs before the wetting front proceeds to great 
depths in the soil profile. Laboratory experiments indicated that a 
wetting agent can increase infiltration rates into hydrophobic soils 
(water-soil contact angle initially high) but have either no effect or 
adverse effects on soils which are not particularly hydrophobic. 
Den Dulk (I96O) concluded that any harmful effect of A.B.S. sur­
factant upon the growth of most horticultural crops is mainly due to 
the effect upon soil water content. He found that less water was needed 
to saturate soil if the water contained A.B.S. and that drainage of 
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gravitational water proceeded more rapidly than when the water did not 
contain A.B.S. 
Analyses of samples of waste water-contaminated ground water have 
shown (F.H.A. Report No. 2721, 19^2) that high concentrations of A.B.S. 
are normally accompanied ty relatively high concentration of nitrate 
in the water. 
Swisher (19640 has observed that L.A.S. may reqidre days to degrade 
in a dilute, static bacterial system such as a bottle of river water, 
but in a concentrated system such as activated sludge the degradation 
is accomplished in a few minutes to a few hours. In another report, 
Swisher (I966) has shown that the benzene ring of the chemical structure 
of L.A.S, is destroyed during biological degradation. Destruction of 
the benzene ring is accompanied by the loss of the property of the L.A.S, 
molecules to function as an efficient surfactant. If the environment is 
conducive to a high level of bacterial activity, degradation may proceed 
to completion with the subsequent production of carbon dioxide, water, 
inorganic sulfate and bacterial protoplasm as final products (Swisher I966). 
Matell (1965) has stated that biological degradation is much slower 
under anaerobic conditions than under aerobic conditions. L.A.S. and 
A.B.S. are very resistant to anaerobic degradation. Cordon (I966) also 
has discussed this condition of non-biodegradability of L.A.S. under 
anaerobic conditions. 
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Influence of Soil Aeration on Biological Breakdown of Organic 
and Oxygen-Bearing Inorganic Materials 
Resistance to microbiological breakdown to non-pollutant forms in 
the soil needs to be considered for both inorganic and organic pollutants. 
Resistance of organic compounds—such as sucrose and detergent surfactant— 
to break dovm by microbes may depend on ecological determinants and/or 
to chemical structure of the molecule (Alexander 1965). Microbes in 
general have a remarkable capacity for adaptation to a host of ecosystems 
and environmental conditions, and they can metabolize and degrade a 
great array of organic compounds. However, many natural organic com­
pounds persist and are not degraded under certain environmental condi­
tions. One such environmental condition which may inhibit the biological 
degradation of organic compounds is a lack of gaseous or dissolved 
oxygen, O2, resulting in an anaerobic environment and in anaerobiosis. 
Three hypotheses have been advanced (Alexander 19^5) to account for this 
inhibition in anaerobic soil: (1) the absence of suitable electron 
acceptors (Oxidation of an organic compound is by definition a biochemical 
process causing removal of electrons as well as a process that adds 
oxygen to the compound as addition of oxygen to carbon to produce CO2.) 
(2) the formation of microbial inhibitors, and (3) the need for molecular 
oxygen per se. Microbial oxidation of a saturated hydrocarbon requires 
an acceptor for the consequent electrons derived. Under aerobic conditions 
molecular oxygen serves as an electron acceptor; however, under anaerobic 
conditions a lack of suitable electron acceptors can prevent microbial 
proliferation. 
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Resistance of certain oxygen-bearing compounds to micro-bio-
Ingical breakdown may also be affected by anaerobic conditions. 
In the absence of dissolved oxygen, oxidation of organic matter may also 
produce a microbiological breakdown of nitrate. The combined oxygen in 
nitrate can serve as an alternate acceptor of electrons to molecular 
oxygen for the growth of certain bacteria. Thus as organic matter is 
oxidized by bacteria in an anaerobic environment inorganic nitrate is 
reduced by denitrification. Some organic compounds present in anaerobic 
locales may not be oxidized when nitrate is provided possibly because 
molecular oxygen participates directly in the dissimilation. Another 
factor which may inhibit microbiological degradation of organic materials 
in anaerobic soil is the formation of microbial inhibitors. High acidity 
is an excellent example of one of these inhibitors which tends to de­
crease degradation of organic matter. 
Since all microbes in the soil are covered with at least a thin layer 
of water. Greenwood (1963) has stated that microbial activities are more 
closely related to the oxygen concentration in the water at the surfaces 
of the microbes than with the partial pressure of oxygen in the soil 
atmosphere. With this in mind we may think of the local environment of 
soil microorganisms as a dynamic aqueous solution which occurs as films 
surrounding soil particles. Under field conditions this solution is 
continually moving; thereby continually replacing and replenishing the 
solution to the microbes attached to the soil particles or displacing 
non-sedentary microbes to an ever-changing micro-environment as they 
move through the soil solution. This relative movement occurring be­
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tween a microbe and the soil solution plus mixing by convective-dif-
fusion presents the microbe with a tremendous exposure to any dissolved 
oxygen which may be present in the films of soil solution. Another dy­
namic aspect of the microbe environment occurs as the water films surround­
ing soil particles change in thickness during wetting and drying of the 
soil. As the film thickness decreases, thus decreasing the distance 
between the soil air and the surfaces of the soil particles, the solution 
within the film experiences greater effect due to the close proximity 
of the negatively charged soil surfaces. For very low water contents, 
negative water pressures within the solution films become of sufficient 
magnitude to increase the solubility of oxygen. Nakayama, Scott, and 
Hansen (I962) observed that most air-dried soil can sorb 5 to 8 times 
more oxygen than can be accounted for by the normal solubility of oxygen 
in the soil water. An experiment with Fayette and Edina subsoils showed 
that below about 10-15^ water content the oxygen sorption values exceeded 
the solubility of oxygen in free water and increased rapidly when the 
samples were dried. At higher water contents oxygen solubility by the 
soil solution is approximately that for distilled water, A thermodynamical 
expression for the solubility of a gas in capillary water was developed to 
explain the increased oxygen sorption for thin water films in these soils. 
In addition to the increased oxygen solubility for very low soil water 
contents, the interface between water in the films and the soil air pro­
vides a tremendous surface area which affords increased exchange 
of oxygen between the microbes in solution and the soil air. 
Parr and Reuszer (1959) used nitrogen-oxygen gas mixtures to aerate 
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samples of silt loam soil to determine the rate of decomposition of 
added straw. Different aeration levels were established during incuba­
tion by using gas mixtures of 0, 2.5, 5.0 and 21^ oxygen hy volume. Total 
decomposition after 6 weeks with 5.0, 2.5 and 0^ oxygen in the aerating 
gas was approximately 86, 70 and 135°, respectively, of that occurring when 
the aerating gas contained 21^ oxygen. After 30 days of aeration with 
0^ oxygen gas, changing the gas composition to a 21^ oxygen level 
brought about a very rapid rise in the decomposition rate. 
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MATHEMATICAL RELATIONSHIP OF LIQUID FLOW VELOCITY TO THE HYDRAULIC 
GRADIENT PROFILE AND THE HYDRAULIC CONDUCTIVITY PROFILE 
For unsaturated water flow downward in a vertical soil column where 
z is taken in the vertical direction downward from the soil surface we 
will assume Darcy's relation to be valid at each point along z. The 
change in the flow velocity v with soil depth can be evaluated by dif­
ferentiating V with respect to z 
dv/dz = ^ |^_K(h) (dh/dz _ l)j = _ (dh/dz - 1) + K(h) ^  
Substituting -v/K(h) for (dh/dz - 1) this equation simplifies to 
= ièr ^  è 
where d^h/dz^ equals to slope of the hydraulic gradient profile and 
dK(h)/dz equals to slope of the hydraulic conductivity profile. Water 
pressure head is represented by h, and K(h) represents hydraulic con­
ductivity as a function of water pressure head. 
From this equation we may easily deduce that flow velocity is 
directly dependent upon K^fh) and upon the ratio of the slopes for the 
profile of hydraulic gradient and the profile of hydraulic conductivity. 
This dependency is best observed by considering three general cases for 
flow: 
Case 1: A flow velocity profile with a negative slope 
occurs during a sorption (wetting) process. 
dv/dz < 0 implies that v < K^fh) d^h/dz^ 
1 dK(h)/dz 
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Case 2; A flow velocity profile with a positive slope 
occurs during a desorption (drying process). 
dv/dz > 0 implies that v > dph/dz^ 
1 dK(h)/dz 
Case 3: A flow velocity profile with a zero slope is 
representative of steady state flow, 
dv/dz = 0 implies that v = 
For a constatn, nonzero flow velocity as is given in Case 3, the slope 
for the hydraulic gradient profile and the slope for the hydraulic conduc­
tivity profile both must be of the same sign; however, the sign may be 
positive or negative, depending upon the nature of the hydraulic gradient 
profile. If the hydraulic gradient decreases with increasing soil depth 
the hydraulic conductivity must also decrease with increasing depth. How­
ever, if hydraulic gradient increases with soil depth the hydraulic conduc­
tivity must increase with depth. 
For steady liquid flow downward through a uniform flow system com­
prised of a single homogeneous porous material, the profile of hydraulic 
gradient shows that the values of hydraulic gradient are positive, but 
they decrease with increasing soil depth. However, in a two-layer.flow 
system consisting of an upper layer of low saturated hydraulic conductivity 
underlain by a layer having a higher saturated hydraulic conductivity, 
positive values for hydraulic gradient occur in the upper layer and negative 
values occur in the lower layer. Thus somewhere in the immediate vicinity 
of the interface between the two layers the profile of hydraulic gradient 
undergoes a minimum and the hydraulic gradient has a value of zero. The 
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positive values of hydraulic gradient in the upper soil layer indicates 
a net upward flow of liquid, the zero hydraulic gradient indicates no 
flow through the interface, and the negative values of hydraulic gra­
dient in the lower soil layer indicates a net downward flow of liquid. 
Since a steady downward flow was assumed to occur in a vertically downward 
direction through the entire two-layer soil, Darcy's law, v = - K(dh/dz -1), 
breaks down in the upper soil layer and at the interface between the 
two soil layers. 
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EXPERIMENTAL METHODS 
Preparation of Soil Columns 
The soils used in this investigation were Ida soil (mixture of ' 
A and B horizons), Edina silty clay loam (mixture of A and B horizons), 
Hagener fine sand (B horizon) and Clayton silica sand (Clayton Silica 
Company, Box 790, Cedar Rapids, Iowa) of 0.25 to 1.00 mm particle size. 
The commercially-available sand was reported ty the manufacturer to be 
99.^ pure silica. The Ida soil was obtained from the Iowa State 
University Western Iowa Experimental Farm, Castana, Iowa; the Edina 
soil from the Iowa State University Southern Iowa Experimental Farm, 
Bloomfield, Iowa; the Hagener sample from a site located about two 
miles east of Interstate Highway 35 and about five miles south of 
United States Highway 30, near Ames, Iowa. All of the soil samples 
except the silica sand were air-dried and passed through a 2 mm sieve ' 
before using. Sieved samples of Hagener and Edina soils were mixed 
to give a 40/60 (oven-dry weight ratio) Edina-Hagener material and a 
60/40 Edina-Hagener material. A small amount of air-dry Webster soil 
was mixed with the sand in order to innoculate the sand with a population 
of soil microorganisms. Some physical properties of the soils used are 
given in the sections of Results and Discussion. 
Each soil column contained two layers (three layers were included 
in the column used in Experiment 1) of soil with the upper layer soil 
having lower saturated hydraulic conductivity than the lower layer soil. 
The Edina, Ida, 40/60 Edina-Hagener mixture and the 60/40 Edina-Hagener 
mixture were used in the upper layer. The Edina-Hagener mixtures were 
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used to obtain a suitable variation of flow conditions. 
The packing procedure consisted of pouring 200 to 300 cm3 of loose 
air-dry soil sample into the soil cylinder,stirring thoroughly with a 
wooden or aluminum rod and tapping slightly around the outside of the 
cylinder with a rubber mallet. Care was taken to minimize stratifica­
tion within each of the two layers. Dry, tubular tensiometer bulbs were 
installed during packing of the soil column. Short leng'bhs of 0.7 cm 
inside diameter glass tubing were placed in holes bored in the center of 
No. 2 soft rubber stoppers and the rubber stoppers were in turn fitted 
tightly into holes in the Plexiglas walls of the column container. Each 
end of the tensiometer bulb was connected by short pieces of flexible 
Mayon tubing to a glass tube in one of the rubber stoppers. The flex-
iblity of these connections was advantageous to inflexible glass connec­
tions due to the weight of the overlying soil and water and any relative 
soil movement during settling. When the desired thickness of the lower 
layer had been attained, the top of the layer was leveled before contin­
uing with the upper layer. To avoid the soil i-unning out along the wall 
of the cylinder, all air-passage and tensiometer holes were kept stop­
pered throughout the packing. 
Particle size distributions for all soils were determined using 
the hydrometer method (Day 19^5). 
Physical Set-Up of Flow System 
All soil columns used were contained in acrylic plastic cylinders 
(Figures 1 and 2), obtained from Van Horn Plastics, 7990 University Avenue, 
Des Moines, Iowa. The cylinders were of 11.5 cm inside diameter and 
0.64 cm wall thickness and 5 feet long. Although the cylinders were 
5 feet long only 3 to 4 feet of the length was packed with soil. The 
exact length of the soil zone varied somewhat between individual exper­
iments. The bottom end of the cylinder was mounted onto a square sheet 
of clear acrylic plastic by means of brass machine screws at the loca­
tions on the periphery of the cylinder cross-section. The square plastic 
sheet was 30 cm wide and 1.9 cm thick, and 15 cm high acrylic plastic legs 
were fused permanently with plastic solvent to the underside of the 
square plastic sheet near each comer. The plastic solvent was "Cement 
1- for Plexiglas" supplied Iqy Van Horn Plastics. 
Matching holes of approximately 2 cm in diameter were drilled at 
predetermined spacings along vertical lines drawn lengthwise of the 
columns upon two directly opposite walls. Each line represented the 
locus of all points formed ty tangential contact of a line parallel to 
one edge of the square base. These matching holes were used to install 
tubular tensiometer bulbs parallel to the column base. The tensiometer 
bulbs were modified from Pyrex brand, tubular, fritted glass bead filters 
(Coming Glass Works, Coming, New York, LG-3 Catalog, 1963, item No. 
35000) ly permanent fusion of an 0.7 cm inside diameter glass tube to 
the normally closed end of each filter tube so that both ends of the column 
were open. The porous portion (the walls) of each tubular filter 
tube was 5.2 cm long, 1.6 cm outside diameter, and had medium porosity. 
This type of tensiometer bulb responds very quickly, allows easy removal 
of gas accumulations inside the bulb, and affords a large surface area 
of contact with the water in the soil. Unfortunately each bulb of 
Figure 1. Photograph of three of the four soil columns used in 
Experiments 4, 5 and 6. 
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Flow System 
(3 soil columns shown) 
Figure 2, Photographs of the four soil columns used in Experiments 
4, 5 and 6. Close-up views are given for the upper and 
lower sections of the soil columns. 
/ 
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Bottom Portion of Flow System 
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overall length 9.5 era occupies a volume of approximately 14.14 cra^ and 
hence is not a point detector and because of its location in the soil 
column it may interfere with the flow. 
Each end of the tensiometer bulbs was connected by means of 2-cra 
lengths of Mayon tubing (from Van Horn Plastics) to a 0.7 cm inside 
diameter glass tube located in the center of rubber stoppers fitted 
into the 2-cm matching holes in the cylinder wall. The Mayon tubing 
was sufficiently rigid to hold the tensiometer bulbs in a horizontal 
position yet flexible enough to prevent breakage of the glass bulbs in 
an event of relative movement of the soil during packing. A length of 
Mayon tubing was used to connect the outside end of the glass tube from 
one of the matching rubber stoppers to a 0.7-cm diameter glass manometer 
tube. To the glass tube protruding from the opposite rubber stopper 
was attached a short piece of Mayon tubing so that a screw clamp could 
be used to keep it closed after flushing air from the bulb with 0.01^ 
CaSO/^ solution. 
Inflow and outflow gas manifolds were located on opposite walls 
of the cylinders and provided a means for lateral aeration of the soil 
with oxygen-helium mixtures. The manifolds were made by just preparing 
rectangular frames by use of acrylic plastic strips 2.54-cm wide and 
0.64-cm thick, fused at right angles with solvent, to form a rectangle 
with an inside width of 10.2-cm and inside length of 93-cm. Then the 
rectangular frame was permanently affixed to the cylinder periphery with 
solvent. The end of the frame was not affixed to the cylinder but was 
covered tzith a 11.4 cm wide sheet of 0.64-cm thick clear acrylic plastic 
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sheet. Small brass machine screws were used to hold the plastic face-
sheet in place. A frame unit, now a manifold so fitted to the cylinder' ' 
wall that the outside edge of each face-sheet was parallel to one edge 
of the rectangular column base. A similar manifold was affixed to the 
cylinder wall opposite to the manifold discussed. The line connecting 
the two manifolds at any soil depth would be normal to the axis through 
a tubular tensiometer bulb. Each of the manifolds was fitted with a 
small plastic tube which served for inflow of ozygen-helium gaseous 
mixture for one manifold and for outflow of gaseous effluent from the 
soil for the other manifold. Gas movement between the inflow and outflow 
manifolds via the soil took place through small holes drilled on a 2-cm 
rectangular grid spacing through the plastic wall of the cylinder which was 
enclosed by the manifolds. The inside volume of each manifold was approx­
imately 705 cubic centimeters. 
Compressed gas tanks (Mathison Scientific Co.) of oxygen-helium 
mixtures having 0.2, 5, and 20^ by volume of oxygen provided the source 
of aerating gas for the soil columns. A two-stage pressure regulator 
was used to regulate the flow of gas. After passage from the regulator 
the gas moved through a Mayon tubing connection to the bottom of an 
enclosed glass cylinder filled with 120-cm of deionized-distilled water. 
As the gas bubbled through the water to a gas space at the top of the 
glass cylinder the aerating gas became saturated with water vapor. The 
addition of water vapor to the aerating gas was an attempt to minimize 
the loss of water from the soil column in the flowing gaseous effluent. 
The moist aerating gas then passed through a short length of Mayon 
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tubing to a large test tube partially filled with water where it was 
bubbled through the water. From the test tube the gas moved through 
a Mayon tubing connector to the inflow manifold where it passed through 
the soil into the outflow manifold. The effluent gas from the outflow 
manifold passed through a Mayon connecting tube and into a COg-absorp-
tion bottle partially filled with water where it bubbled through 1-cm 
of water depth before escaping to the room atmosphere. Thus the gas 
pressure within the manifolds and the soil atmosphere were maintained at 
a slight positive pressure of approximately 1-cm of water. Around the 
gas manifolds and rubber stoppers a fiber-glass marine resin was coated 
(Evercoat Marine Resin, Fibre Glass-Evercoat Co., Inc., Cincinnati 36, 
Ohio) to insure an air-tight barrier between the soil atmosphere and the 
room atmosphere. Comparison between stabilized flow rates for influent 
aerating gas and effluent gas were used as a criterion to signal the 
presence of a gas leak in the soil column. Influent flow rate was 
estimated by counting the number of bubbles passing through the test 
tube per unit time, but a constant head burette (Rolston 196?) was 
used to precisely measure the effluent gas flow rate. Only the effluent 
flow rate has been recorded in this thesis. A glass-T tube was placed 
in the flow line connecting the outflow manifold and the CO2-absorption 
bottle to permit samples of the gaseous effluent to be removed with a 
syringe through a rubber membrane. 
All aqueous solutions were applied to the surface of the soil 
columns try means of 1-liter Mariotte-type constant water pressure head 
bottles. In Experiments 1 and 2 the solutions were applied directly to 
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the soil surface at a constant ponded water depth; however, in Experi­
ments 3. 5 and 6 the aqueous solutions were applied to a fritted 
glass bead porous plate, (Corning Glass Works, "custom made Fyrex brand 
fritted discs", Coming, New York), of medium porosity and 0.6-cm 
thickness which in turn distributed the solution to the soil surface . 
Similar porous plates were also placed at the bottom surface of soil col­
umns in Experiments 3, 5 and 6. Maintaining negative inflow and out­
flow water pressure heads for some of the soil columns in those exper­
iments required the use of the porous plates. The chemical inertness 
and near absence of an ionic exchange capacity of fritted glass beads 
makes them preferable to many other materials for porous plates. 
Liquid effluent from the bottom of all soil columns was collected 
in 18-ml increments in glass test tubes by means of a fraction collector 
(Model 270, Instrument Specialties Co., Inc., ^ 624 Seward Avenue, 
Lincoln, Nebraska). Following collection the effluent samples were 
transferred to glass vials (Mathison Scientific, Catalog No. 65, Item 
No. 63935-30). The vials were frozen solid in a freezer-locker and 
stored until such time that analyses could be made. 
Water Pressure Head Measurement 
The height of rise of water in the manometer tube with respect 
to the level of the tubular tensiometer bulb to which the manometer 
tube was connected was used to indicate the magnitude of water pressure 
head in the soil at the level of the center of the tensiometer bulb. A 
vertical cathetometer (Catalog Bulletin No. l62-58, Item No. M9II, 
Gaertner Scientific Corporation, 1201 Wrightwood Avenue, Chicago, 111.) 
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capable of reading to the nearest 0.005-cra was used to locate the position 
of the tensiometer bulb and that of the water meniscus in the corres­
ponding manometer tube. Manometer readings were taken daily during 
displacement of solutions of chemical solutes through the soil columns. 
Water pressure heads for only three representative days are reported in 
the thesis. The pressure heads reported are those which were measured 
shortly before a solution of chemical solutes was applied to the surface 
of a soil column, those taken approximately on the day that the break­
through curves reached peak values, and those measured shortly after no 
further chemical was found in the liquid effluent from the columns. 
Aqueous Flow Solutions 
All aqueous solutions applied to the surface of the soil columns 
were prepared with boiled, deionized-distilled water made up to approx­
imately O.OIN CaSO/j.. Distilled water in the Agronomy Building was 
deionized by passing it through a Bantam Demineralizer with a Bantam 
Replacement Cartridge (Barnstead Still and Sterilizer Co., Boston 31, 
Mass.) The deionized-distilled water was boiled in 3-liter volume 
flasks for approximately 5 minutes from the time of incipient rapid 
boiling. The boiled water was immediately transferred to a stoppered 
18-liter carboy and allowed to cool. When the water was at room 
temperature and the level of liquid was at the 18-liter mark on the side 
of the carboy 15.5 of CaSO^j. were added to the carboy and the contents 
mixed thoroughly by violent agitation to form an O.OIN CaSO^^ solution. 
The aqueous O.OM CaSO/^ solution was stored in the constant temperature 
laboratory (where all the miscible displacements took place) for at 
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least one day before it was to be used in an experiment in order to 
permit temperature equilibration. The calcium sulfate was added to 
the water in an attempt to minimize the detrimental effect of defloc-
culation of soil particles upon flow velocity. 
Aqueous solutions of combinations of chloride, nitrate, L.A.S. 
surfactant and organic carbon were prepared by adding CaCl2, Ca(N03)2-
• 4H20, an aqueous solution of Sodium Dodecyl Benzene Sulfonate of 
molecular weight 346 (Surfact-Co., Inc., Detergents and Chemical 
Specialties, Box 114, Blue Island, 111.), and sucrose to the O.OllJ CaSO^ 
solution. A quart of Sodium Dodecyl Benzene Sulfonate slurry (45.6^ 
activity and pH of 7.3-8.5) was obtained free of charge from Surfact-
Co., Inc. of Blue Island, Illinois. A concentrated aqueous solution 
of L.A.S. was prepared by adding a weighed amount of the slurry to 
distilled water. By comparing the ultraviolet absorption spectrograms 
of diluted samples of the L.A.S, solution to spectrograms of aqueous 
dilutions of 10 mg/l standard solution of A.B.S. (Fisher Scientific 
Co., 1967 Catalog, Item No. So-A-440) the concentration of the solution 
was found to be approximately 46.5 gm/l. With exception of Experiments 
3 and 6, one-liter volumes, referred to here as 1-liter "slugs", of the 
solutions containing combinations of CI, NO^, L.A.S. and sucrose were 
applied to the surface of the soil columns and displaced downward. 
At all times prior to and immediately follocd.ng application of the "slug" 
of solution, O.OIW CaSOij, solution was continuously applied to the sur­
face and displaced downward through the columns. In some of the 
experiments sucrose or a dilute nutrient solution was added to the 
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"slug" of displacing solution and to the O.OIN CaSOij, solutions. 
Analysis of Liquid Effluent 
Chloride Analysis by Potentiometric Measurement 
A method described by Stem and Shwachman (1958) was used for 
potentiometric determination of chloride in an aliquot taken from each 
vial of effluent collected from the soil columns, A Beckman No. 281 
platinum button electrode was anodized to form a silver chloride coat­
ing over the platinum surface of the electrode. This silver-chloride 
indicator electrode and a Beckman No. 270 saturated calomel reference 
electrode were connected to a Coming Model 12 Research pH Meter. 
Approximately 2-ml of column effluent was placed in a short, open-top 
glass tube with a drainage valve at the bottom to permit rapid removal 
of the liquid after the chloride analysis. The electrodes were then 
immersed in the solution and the reading from the pH scale was recorded. 
Immediately preceding and following each chloride analysis the glass 
tube was rinsed twice with distilled water and once with the solution to 
be measured. The electrodes were calibrated before a group of effluent 
samples were to be run by placing a 0.01^ KCL solution in the glass 
tube and adjusting the pH meter reading to 5.956. Using aqueous KCL 
solutions in the range O.OOOIN to O.IN the logarithms of the normality 
of the solutions were plotted on the abscissa versus the corresponding 
scale readings on the ordinate to form the calibration curve given in 
Figure 3. In order to determine the chloride concentration of the effluent 
samples the scale readings were located on the abscissa of the calibra­
tion curve (Figure 3) and the corresponding points on the ordinate were 
Semilogarithmic plot of chloride concentration in 
aqueous solution versus the potentiometric reading 
from a pH meter equipped with a Ag, Ag CI electrode and 
a Calomel reference electrode. Concentrations of chlo­
ride in liquid effluent from soil columns were determin­
ed by matching measured potentiometric readings with 
concentrations of chloride. 
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recorded. All readings were taken at an ambient temperature of 25 
degrees centigrade. 
Nitrate Analysis 
A steam distillation apparatus described by Bremner and Keeney 
(1965) and constructed by Corey (pp. 44-51, I966) was used in analysis 
of nitrate. A complete description of the apparatus previously has 
been given by Corey, 
To analyze for nitrate in an effluent sample, a 2-ml aliquot of 
the solution was placed in a 50-ml round bottom flask along with about 
0.2 gm of Devarda's alloy and about 0.2 gm of MgO. After steam had 
reached the proper flow rate of 7.5 ml of condensate per minute, the 
flask containing the aliquot and chemicals was placed in position and 
distillation begun. The distillate was collected in a 50-ml Erlenmeyer 
flask containing $ vû. of boric acid indicator. When 30 ml of distillate 
was collected, except where samples contained more than 1-mg of nitrogen, 
all of the ammonium ion present was distilled over as ammonia gas 
whether it was originally present as ammonium or nitrate ion. Based 
upon Corey's (I966) findings of negative results for analysis of 
ammonium ion in effluents from soil columns receiving nitrate nitrogen, 
it was assumed that insignificant quantities of ammonium occurred in the 
effluent from the two-layer columns used in this thesis. 
The MgO used in the determination was the heavy powder type. Be­
fore being used a quantity of the MgO was placed for 5 hours in a muffle 
furnace at 650 degrees centigrade to drive off any ammonium present. A 
quantity of the Devarda's alloy was ball-milled into a fine powder prior 
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to use. The resulting large surface area of the metal permitted the 
reduction process to occur rapidly. 
L.A.S. Analysis by Ultraviolet Spectrophotometry 
Dr. R. D. Swisher, Research Department, Inorganic Chemical Divi­
sion, Monsanto Chemical Company, St. Louis, Missouri, suggested during 
personal correspondence, that a quick and easy method for quantitative 
determination of either A.B.S. or L.A.S. is that of ultraviolet spectro­
photometry. That method (Swisher I966 and I967) which takes advantage 
of the three characteristic ultraviolet absorption bands of the benzene 
ring in A.B.S, and L.A.S. at approximately 193, 223, and 260 milli­
microns wavelengths was used in this work to determine L.A.S. concentra­
tion in the effluent from soil columns. The method used is a precise 
quantitative determination of the concentrations of L.A.S. in dilute 
aqueous solution; however, it is not universally applicable to effluent 
from all soils, primarily because of numerous compounds such as nitrate 
and complex organic materials which create an interfering background of 
ultraviolet absorption. The background ultraviolet absorption of column 
effluent in these experiments remained essentially constant during the 
duration of an individual miscible displacement possibly as a result 
of the several weeks of water movement through the soil columns prior 
to addition of solutions of L.A.S. and because the major volume of the 
two-layer soil columns was a very sandy soil. 
Beckman Model DB-G double beam recording ultraviolet spectrophoto­
meter (Beckman Instruments, Inc., Fullerton, California) was used for 
the spectrophotometry, Aliquots of soil effluent were removed from the 
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storage vials and diluted to give L.A.S. concentrations less than about 
4 mg/l. Dihydrogen phosphate was added to all samples to give final 
concentrations of O.OIM KH2P0^. The effluent sample was transferred to 
a quartz cell of 1-cm path length and then placed in the sample beam of 
ultraviolet radiation. An aqueous solution of O.OIM was trans­
ferred to a second quartz cell and placed in the reference beam of the 
spectrophotometer. The use of dihydrogen phosphate (Weber, Morris, and 
Stumm 1962) in the sample solution is an essential feature of this method 
to minimize the strong tendency for A.B.S. and L.A.S. to adsorb on the 
surfaces of the quartz absorption cells and on surfaces of glass vessels 
used in diluting. Absorption spectra were then obtained by scanning with 
respect to wavelength doxfnward from 240 millimicrons to 180 millimicrons. 
The percentage transmittance, that is, the transmission of ultraviolet 
radiation through the sample relative to the transmission through the 
reference, was automatically recorded versus wavelength on the chart 
recorder. These spectrograms were similar to those shown (Figure 4) 
for three dilutions of a 10 mg/l A.B.S. solution. The value of percentage 
transmittance at 192 millimicron wavelength was divided by 100 and the 
logarithm was taken of the quotient to yield the absorbance value. The 
effective absorbance value was obtained by subtracting the absorbance 
for the column effluent immediately before displacement of L.A.S. solution 
from the absorbance of the effluent containing L.A.S. By locating on 
a graph (Figure 5. The means of getting Figure 5 are given later. ) the 
effective absorbance value, there was determined the corresponding con­
centration of L.A.S. Immediately before and after an individual L.A.S. 
Figure 4. Ultraviolet spectrograms of A.B.S, 
solutions containing 0.5, 1.0, and 
A.B.S. were obtained by diluting a 
surfactant in aqueous O.OIM KHgPOZ). and O.OIN CaSOZ|. 
2.0 mg/l of A.B.S, These concentrations of 
standard solution. 
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Figure 5« Graph of absorbances of ultraviolet radiation of wave-length 192 millimicrons plotted 
versus concentration of A.B.S. surfactant in aqueous O.OIM KH2POZJ, and O.OIN CaSOj^. 
solution. Absorbances given by the points on the graph were obtained from dilutions 
of a standard solution containing 10 mg/l of A.B.S. Concentrations of L.A.S. sur­
factant in liquid effluent from soil columns were determined from the curve by matching 
measured absorbance values with values of surfactant concentration. 
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determination, the sample quartz cell was rinsed twice with distilled 
water and once tvith 0. OlM. KH2P0ij, solution. 
The graph of absorbance of 192 millimicron ultraviolet radiation 
versus A.B.S. concentration of Figure 5 was obtained from spectrograms 
of A.B.S. like those shown in Figure 4. A standard solution (Fisher 
Scientific Company) of 10 mg/l A.B.S. was diluted with distilled water to 
give solutions ranging from 0 to 5 mg/l of A.B.S. The absorbances at 192 
millimicron wavelength were obtained by dividing the corresponding values 
for percentage transmittance by 100 and taking the logarithm of the 
quotient. When these absorbance values were plotted the straight line 
of Figure 5 resulted. Above 3.5 mg/l the line became curvilinear, and 
thus only the range of surfactant concentrations between 0 and 3.0 mg/l 
were used. This graph for A.B.S. was used in all the determinations of 
L.A.S. 
Sucrose Analysis 
A procedure similar to that used by Keeney (1965, p.99) to determine 
the concentration of organic carbon in aqueous solution was used in this 
work to estimate the sucrose concentration in the soil effluent. A 2-ml 
aliquot of effluent and 1 ml of 0.50N K2^^2^ solution were placed in a 
50-ml Erlenmeyer flask, 10 ml of concentrated sulfuric acid were added 
from a rapid delivery burette, and the flask was swirled to mix the con­
tents. Some effluents required either 1-ml aliquots of dilution with 
distilled water due to high sucrose concentrations while 3-ml aliquots 
were needed for other effluents of low carbon contents. After standing 
for 15 minutes, 25 ml of distilled water was added and the flask was 
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allowed to cool to room temperature. Residual dichromate was then deter­
mined by titration with Mohr's salt or O.O5N (NHzj,)2S0zj, • Fe SOlf, • 6H2O 
solution from a microburette, using N-phenylanthranilic acid in the 
flask as an indicator. Immediately prior to titration 1 ml of a 100 
gm/l BaCL2 solution was added to obtain a white background of BaSO^^j, 
to facilitate observation of the end-point. Since the presence of 
chloride in solution is known to interfere with chromic acid titration 
methods, 1.0 gm of powdered HgO (Quinn and Salomon 1964) was also added 
to flask contents prior to titration. The addition of HgO eliminated 
any reduction of K2Cr20y due to chloride by complexing the soluble 
chloride into essentially nonionized HgCl2. 
Dissolved Oxygen Analysis 
A Beckman Model 777 Laboratory Oxygen Analyzer (Beckman Instruments, 
Inc., 2500 Harbor Blvd., Pullerton, California) was used for analysis 
of dissolved oxygen in aqueous solutions. The oxygen-sensitive membrane 
electrode system operates on the principal that application of 0.8 volt 
across the anode and cathode results in electrochemical reduction of 
molecular oxygen at the cathode surface which in turn causes an electrical 
current to flow. In order for the dissolved oxygen to get to the cathode 
from the solution sample it diffuses through a gas permeable Teflon 
membrane. The sample solution must continually flow around the membrane 
in order to speed up transport of oxygen to the cathode. After inves­
tigating many methods for oxygen analysis, Mancy and Jaffee (I966) con­
cluded that oxygen-sensitive membrane electrode systems offer the most 
simple and direct method of activity determinations. 
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A small glass cup was especially designed to allow the detector 
system to have constant contact with the flowing liquid in a system 
closed to direct contact with the room atmosphere. One end of a flexible 
Mayon tube was connected to a liquid input port at the bottom of the 
glass cup and the other end was connected to an exit port near the top 
of the cup. The detector system was placed through the opening at the 
top of the glass cup and sealed to form an air-tight connection with the 
cup. The middle of the flexible tube was placed in a pulsating con­
stant-flow velocity pump (Sigamotor Pump, Model TM-204) to enable the 
sample solution to be continually recycled in the vicinity of the Teflon 
membrane. Approximately 5 I'll of solution was required to completely fill 
the space within the Mayon tube and the glass cup. 
To determine the dissolved oxygen content of an aqueous solution, 
a small vacuum from a vacuum source in the room was used to remove air 
and liquid from the flexible tube and glass cup while pulling the sample 
solution into the system. After the system was completely filled and 
flushed of the sample solution which came in contact with any air or 
liquid which occurred initially in the tube and cup, the vacuum was 
removed and the pressure in the liquid system allowed to adjust to 
atmospheric pressure. The solution was continually recycled, and in a 
few seconds after an equilibrium had developed, the dissolved oxygen 
content was recorded directly from a meter on the equipment. Before a 
group of solution samples were to be analyzed the detector was calibrated 
by pumping air through the glass cup and adjusting the meter reading to 
l60-mm partial pressure of oxygen. The ambient temperature was approx­
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imately 25 degrees centigrade during all oxygen analyses. 
Analysis of Gaseous Effluent 
A Beckman GC-2À Gas Chromâtograph (Beckman Instruments Inc., 
Scientific and Process Instruments Division, 2500 Harbor Blvd., 
Pullerton, California) equipped with a thermal conductivity detector 
was used to analyze 1-ml aliquots of gaseous effluent taken from soil 
columns. The detector contains 4 metal filaments—a pair of matched 
filaments in the sample flow channel and a similar pair of matched 
filaments in the reference flow channel—which make up a Wheatstone 
bridge circuit. The filaments are heated by application of an electri­
cal current to each. When all four filaments are at the same temper­
ature, and hence have the same electrical resistance, the bridge is 
balanced and a zero signal output occurs. This condition occurs when a 
carrier gas is continuously passed through both sample and reference 
channels. However, if an aliquot of another gas which has a thermal con­
ductivity greatly less than that for the carrier gas is injected into the 
carrier gas passing through the sample channel, the temperature of the 
sample filaments temporarily increase due to a net gain of heat by the 
filaments. Thus the electrical resistance of the sample filaments de­
creases, an unbalance in the bridge occurs and an output signal is gen­
erated which is recorded on a moving chart. Helium and hydrogen, which 
are the smallest molecules, have the highest thermal conductivity and are 
thus commonly used as carrier gases. In this work helium was the carrier 
gas. 
In order to quantitatively analyze gaseous samples which contain 
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several components a means is required to separate these components so 
that they arrive in the detector at slightly different times. This is 
frequently accomplished ty partitioning the sample mixture between an 
inert carrier gas and a size-graded solid packed into a chromatographic 
column. The solid selectively retards the sample components, according 
to their distribution coefficients,until they form separate bands in the 
carrier gas. The bands leave the column in the gas stream and are re­
corded as a function of time by a detector. The areas beneath the 
resultant curves on strip-chart paper are proportional to the concentra­
tions of the components in the sample. For analyses of gaseous effluent 
reported in this present work a 120-cm column of molecular sieve material 
and a l40-cm column of silica gel, both packed into inch outside diameter 
aluminum tubes, were arranged in parallel in between the sample input 
location and the detector cell. A, 270 milliamp current was passed 
through the detector filaments while maintaining the silica gel column 
at 160 degrees centigrade and the molecular sieve column at 25 degrees 
centigrade. Maintaining the carrier gas inflow pressure at 20 pounds 
per square inch resulted in gas flow rates of approximately 50 and 80 
ml/min, respectively, for the molecular sieve and silica gel columns. 
This arrangement was used to quantitatively analyze l-ml samples of 
gaseous soil effluent for oxygen, nitrogen, and carbon dioxide gases. 
Concentrations were determined by comparison of chart graphs with those 
obtained for a standard gas mixture containing 79^ nitrogen, 20^ oxygen, 
and 1^ carbon dioxide. 
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Determination of Soil Water Content and Bulk Density by Attenuation 
of a Collimated Beam of Gamma Rays 
A 250 millicurie Cesium 137 source of gamma rays and a thalium ac­
tivated sodium iodide crystal scintillation detector were used for the 
purpose of measuring soil water content and bulk density by gamma ray 
attenuation. Gardner (Black I965, pp. 114-125) has discussed the prin­
ciples of the technique of gamma ray attenuation, and Kirkham, Fritton 
and Rolston (I967) have described in detail the physical apparatus which 
was used in this work. 
When monoenergetic gamma rays of intensity IQ pass through a sub­
stance of density and thickness x, the transmitted intensity I, is 
given by the attenuation equation 
I = Iq exp(-^/x) 
where^ is the mass absorption coefficient for the substance in question. 
By talcing the natural logarithm of this relation we obtain the more 
workable form of the attenuation equation 
Ingd/Io) = 
Thus if several substances having different mass absorption coefficients 
and densities occur in the, path of a gamma ray beam, each substance 
will contribute an attenuation term to the resultant equation. For 
(n - 1) substances occurring in the path of the collimated beam of 
gamma rays the attenuation equation becomes 
lne(ln-l/lo) = - x)l + + ••• + 
where the subscripts designate individual substances. If another sub­
stance, designated as number n, is placed in the collimated gamma ray 
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beam without disturbing the other substances, the attenuation equation 
becomes 
Inedn/Io) = - x)l + x)2 + x)n_l + %)n 
By subtracting the equation corresponding to (n - 1) substances from the 
equation corresponding to n substances the following useful equation 
results 
iKedn/ln-l) = (//^ x)n 
Rearrangement of this equation provides the relationship 
/n ~ ^ '^n^ ) ï^e ( ^n/^n-1 ) 
From measured values of andyi (from,a^separate experiment) 
the density of the n^^ substance can be calculated from this equation. 
This relation was used in this work to calculate volumetric soil water 
content 9 and soil bulk density /^ulk columns of soil in Plexiglas 
containers where the substances were soil, Plexiglas, water and lead. 
In order to calculate /^ulk the soil, the transmitted intensity Ip 
for the empty Plexiglas column was measured, then air-dry soil of known 
water content w by weight) was uniformly packed into the column, and 
the transmitted intensity I' for the column filled trith air-dry soil was 
measured. The attenuation term for water in the soil can be expressed as 
- ^/^3c)water ~ "^^water^^^ ^ ullc^^soil "^water ^®^^soil 
(Srinilta I967, p.133) Thus values for soil bulk density were 
calculated from the relation 
^Ulk = Xgoii (^soil + ^ )&ater)^^^lGad ' ^'^lead " 
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where the x and x' were thicknesses 
of lead used for measurement of Ip 
and I', respectively 
The numerical value 1.1391 (personal correspondence with Daniel D. 
Fritton and Dennis E, Rolston) was used for the quantity ^/')iead-
The mass absorption coefficients ^^^water were obtained pre­
viously from separate soil columns. In order to calculate the vol­
umetric water content of moist soil 9", the transmitted intensity I" 
was measured and compared to the transmitted intensity I', 
The expression used to calculate 0" was 
»" >ate' 
where x" was the thickness of lead used to measure the 
intensity I" 
Procedure identical to that used by Srinilta (196?) was used in 
a separate experiment to calculate mass absorption coefficients for 
water and each of the soils utilized. 
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EKPERIiffiNTAL PROCEDURE 
General Procedure for Experiments 1, 2, 3, 4, 5 and 6 
Experiments numbered 1, 2, 3. 4, 5 and 6 were conducted to determine 
the influence of soil aeration upon the extent of breakdown of chloride, 
nitrate, L.A.S. detergent surfactant and sucrose as the materials moved 
through layered columns of moist soil. The layered soil columns con­
sisted of a relatively short upper layer of soil which has a low saturated 
hydraulic conductivity and a long lower layer of soil which has a higher 
saturated hydraulic conductivity. This layered soil is subject to a 
principle which states that whenever water passes downward through one 
soil layer into another of greater capillary conductivity, the water con­
tent of the lower layer may be less than saturation even though water is 
ponded over the soil surface. Steady water flow through these columns 
resulted in at least a portion of the soil column being water-unsaturated, 
and the length of the zone could be changed by making appropriate changes 
in the inflow and outflow water pressure heads. Since very sandy soils 
which drain rapidly as the water pressure head decreases were selected as 
lower layer materials, negative water pressure heads that developed in the 
unsaturated zone were sufficient to provide enough continuity between the 
larger air filled soil pores to allow a net movement of aerating gas 
laterally through the soil column. Mixtures of oxygen and helium gases 
with 0.2, 5 and 20^ by volume of oxygen were used as aerating gases. 
In the miscible displacement experiments a knoxm volume of aqueous 
solution containing combinations of chloride, nitrate, L.A.S. and sucrose 
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was displaced downward through aerated two-layer soil columns equili­
brated ;d.th calcium sulfate solution under conditions for steady flow. 
Following addition of the known volume or "slug" of solution containing 
the designated solutes to the column of soil, the resulting soil solution 
was displaced through the column by an input of calcium sulfate solution. 
To determine the manner in which the designated chemical solutes moved 
through the soil column, the liquid effluent was collected in small 
increments and each increment was analyzed for chloride, nitrate, L.A.S. 
and sucrose. The interaction of a compound and the soil can be provided 
from breakthrough curves for these solutes. If a net loss or gain of a 
compound occurs during passage through the soil column, the area under the 
breakthrough curve will represent the quantity of added compound recovered 
in the effluent from the soil. 
All experiments of this study were conducted in a constant tempera­
ture room. Room No. 207 of the Agronomy Building at Iowa State University 
of Science and Technology, Ames, Iowa. The constant temperature room 
had an ambient temperature of 25 + 1 degree centigrade. 
Aerating gas was circulated through each soil column for a period of 
at least three days prior to addition of aqueous solutions containing 
combinations of chloride, nitrate, L.A.S. and sucrose. This was done 
in order to flush any previous gas from the soil pores and to fill them 
with the aerating gas. The period of three days was also felt suffi­
cient to allow the soil microbes to make necessary adjustment to the 
new oxygen level. In two of the early experiments (l and 2) a Beckman 
Oxygen Analyzer (Model D, Beckman Instrument Co.) was used to determine 
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when the oxygen concentration in the gaseous effluent became stabilized. 
For experiments 3, 4, 5 and 6 the oxygen concentration in the gaseous 
effluent was not monitored periodically, because based on the results of 
Experiments 1 and 2 sufficient equilibrium time was allowed for the 
later experiments. 
The oxygen-helium gas mixtures containing 0.2, 5 and 20^ by volume 
of molecular oxygen have corresponding oxygen partial pressures of 
1/500, 1/20 and 1/5 atmospheres at standard atmospheric pressure. If 
pressure units of cm of mercury are used, the oxygen partial pressures 
may be stated as 0.1532, 3.8 and 15.32-cm of Hg, respectively, for mix­
tures containing 0.2, 5 and 20^ oxygen. Regardless of the pressure units 
designated, the proportionalities of partial pressures among these three 
oxygen concentrations is I/25/IOO. 
Miscible Displacement Procedure 
Further details on the displacement aspects of the proceeding section 
will now be given. Displacement of organic wastes doivnward through 
water-unsaturated soil columns aerated laterally with oxygen-helium 
mixtures presents a convenient means for studying the influence of the 
partial pressure of oxygen upon biological degradation. This procedure 
offers several advantages; 
(1) Control of the gaseous composition of the soil 
atmosphere is allowed by constantly moving 
aerating gases of different oxygen partial 
pressure through the large, interconnected air-
filled pores of the unsaturated soil. 
(2) A wide range of displacement velocities is fea­
sible by using constant-head Mariette type de­
vices or adjustable-flow pumps to establish 
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steady, macroscopic flow velocities of the 
liquid. 
(3) Both gaseous and liquid effluents may be 
analyzed for products of microbial activity 
as a function of time or volume of effluents 
collected. 
(4) For dilute wastewaters, decreasing the per­
meability of the surface soil with time due 
to accumulation of biological slimes or 
colloidal material in the wastewater may 
increase the efficiency of the microbial 
degradation by decreasing soil water content 
and decreasing the flow velocity. In es­
sence the soil column functions as a two-
layer flow system. 
Uniform soil in a vertical column is subject to steady, water-
unsaturated flow at any time when the inflow water flux is constantly 
maintained less than the flux required to maintain saturation. This 
condition can be established in homogeneous soils by adjustable-flow 
pumps or constant-head Mariotte-type devices. Because uniform soil 
profiles are rarely found under field conditions a two-layer soil 
column comprised of a soil material irith restricted saturated hydraulic 
conductivity overlying of material with a relatively high saturated 
conductivity was selected as the flow system for experiments in this 
thesis. Judicious selection of soils, thickness of soil layers, inflow 
and outflow water pressure heads, etc. permits only a small zone of the 
column to be water-unsaturated or, unsaturateon of the entire column. 
If the need arises the entire column can also be entirely water-saturated. 
In all of these cases restricted water flux across the interface between 
soil layers exhibits a tendency to unsaturate the underlying soil. 
In the next six experiments, it should be remembered that the series 
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of perforations in the cylinder walls under the manifolds were open to 
atmospheric pressure inside the manifolds except that the pressure was 
slightly greater than atmospheric inside the inflow manifold when air 
was being forced laterally through the cylinder. The colvunns were all 
under negative soil water pressures. 
Experiment 1 
The purpose of Experiment 1 was to investigate the influence of 
two levels of aeration upon the movement of very high concentrations 
of chloride, nitrate and sucrose through a soil column maintained at 
high levels of microbiological activity. A 1-liter volume of O.OIN 
CaiJOij, solution containing 1000 mg/l chloride, 2000 mg/l nitrate-nitrogen 
and 10,000 mg/l sucrose-carbon was displaced through a three-layer soil 
column aerated first \vdth an oxygen-helium mixture containing 0.2^ 
oxygen and then ^fith a mixture containing 20^ oxygen. A high level of 
microbial activity was maintained in the soil by adding 250-ml of 
Hoagland and Arnon (1938) nutrient solution per liter of all aqueous 
solutions added to the column during the duration of this experiment. 
Addition of the nutrient solution gave concentrations of 0.00025M 
KH2PÛ4, 0.000125 MO3, 0.000125 Ca(N03)2 • 4H2O and 0.0005M MgSOi^ • 
7K2O in all aqueous solutions. Thus the nutrient solution addition to 
the aqueous solutions continually applied to the soil supplied the 
microbes continually %\rith 52.53 mg/l of nitrate-nitrogen. (The noted 
amount is 2000 mg of N applied on the surface area of the cylinder, 
2 103.9 cm , corresponds to 9OO lbs. of the element N per acre or 4000 
lbs. of NO3 per acre, a purposely very large chosen ammount. Most of 
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this amount leached through the column in a run period of about 2 
weeks.) 
While aerating the soil column with an oxygen-helium mixture con­
taining 0.2^ oxygen, there was displaced through the soil 1 liter of O.OIN 
CaSOij, solution containing 1000 mg/l chloride and 1000 rag/l nitrate-
nitrogen. Microbial activity was maintained by concentrations of 84 mg/l 
sucrose-carbon and 250 ml/l of Hoagland and Amon nutrient solution 
added to the displacing solution and the aqueous solutions prior to and 
immediately following the displacing solution. 
The three-layer column of soil was comprised of 6 cm of Edina soil 
overlying 9 cm of Ida soil and a bottom layer of 122.5 cm of Clayton 
silica sand inoculated vâth small amounts of Webster soil. 2 cm of 
liquid was continually ponded at the surface and the water pressure head 
at the base was maintained atmospheric. Initially this soil column 
was filled with 15 cm of Ida soil as an upper layer and 122.5 cm of 
sand as a lower layer. The liquid flow velocity through the two-layer 
column was 2.500 cm/hr which was much larger than desired for the miscible 
displacements. Subsequently, the uppermost 6 cm of Ida soil was removed 
from the column and replaced by Edina soil. The resulting three-layer 
soil column initially maintained a liquid flow velocity of O.616 cm/hr. 
The water pressure head profiles for the two-layer soil and the three-
layer soil are presented in Table 1. 
The inflow and outflow gas manifolds were 93 cm in length and ex­
tended up and dotvn the soil column from a soil depth of l6.5 cm to 
109.5 cm. It was not practical to extend the manifolds over the complete 
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Table 1. Water pressure head profiles for a two-layer soil column 
and a three-layer soil column. Numerical values of 
pressure head and flow velocity for the two-layer column 
were measured 5 days after the coluim was packed. Three 
days later the top 6 cm of the top layer x^as replaced 
with Edina soil to form the three-layer soil column. Nu­
merical values of water pressure head recorded for the 
three-layer soil were recorded one day after the addition 
of the Edina soil. 
Water pressure head (cm of water) 
2-layer column'^ 3-layer column** 
0-15 cm Ida soil 0-6 cm Edina 
15-137.5 cm sand 6-15 cm Ida 
15-137.5 cm sand 
0 +2.0 +2,0 
9 -6.6 -27.5 
14 -11.2 -25.1 
19 -18.2 -23.9 
23 -19.3 -25.3 " 
31 -19.8 -24.6 
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/ 
-21.1 -25.7 
77 -20.2 -25.7 
107.5 -18.9 -24.6 
118 -18.0 -19.6 
128 -10.5 -10.8 
137.5 0 0 
* The liquid floxf velocity through the 2-layer soil column x<ras 2.500 cm/hr. 
** The liquid flow velocity through the 3-layer soil column was O.616 cm/hr. 
Soil depth 
(cm) 
length of the soil since zones of water-saturation occurred just below 
the surface and just above the base. 
During Experiment 1, soil water pressure heads were measured by 
tubular tensiometers located at soil depths of 9, 14, 19, 23, 31, 4?, 
77, 107.5, 118, 128 and 137.5 era. Porous plates were not used at the 
surface and base of the column of soil, only brass vd.re screens. 
Experiment 2 
The purpose of Experiment 2 was to study the effect, if any, of 
two levels of nitrate nitrogen and two levels of sucrose-carbon upon 
movement of nitrate through soil at one very low aeration level. Four 
two-layer columns of soil. A, B, C and D, aerated with an oxygen-helium 
mixture containing 0.2^ oxygen were used in the experiment. The two 
levels of nitrate-nitrogen were 100 and 1000 mg/l and the two levels of 
sucrose-carbon were 0 and 1000 mg/l. The displacing solution for column 
A contained 1000 mg/l chloride and 100 mg/l nitrate-nitrogen, and the 
displacing solution for column B contained 1000 mg/l chloride and 1000 mg/l 
nitrate-nitrogen. Displacing solutions for both columns C and D contained 
1000 mg/l each of chloride, nitrate-nitrogen and sucrose-carbon. All 
aqueous solutions passed through these columns contained O.OIN CaSOj^. 
The soil layers in the columns were 19 cm of Edina soil in the upper 
layer and 119 cm of Kagener soil in the lower layer. The surface was 
continually ponded x<rith 2 cm of liquid and atmospheric pressure was 
maintained as the outflow water pressure head at the column base. A 
fritted porous plate was used at the base of the base of the column, 
but only a brass wire screen was placed over the soil at the surface. 
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The gas manifolds (93 cm long) extended along the soil columns between 
soil depths of 1? and 110 cm. Soil water pressure heads were measured 
with the aid of the tubular tensiometers located at soil depths of 
9.5, 14.5, 19.5, 23.5, 31.5, 47.5, 77.5, 108, 118.5, 128.5 and 138 cm. 
In addition to analyses for chloride, nitrate and sucrose in samples 
of liquid effluent, the samples of gaseous effluent from the columns 
were periodically removed and analyzed for nitrogen and carbon dioxide 
gases. 
Experiment 3 
The purpose of Experiment 3 was to study the effect, if any, of the 
presence of a diluted organic detergent solution in a displacing aqueous 
solution upon the movement of nitrate in a two-layer column of soil 
aerated with an oxygen-helium mixture of the very low level oxygen content, 
0.2^. 840-ml of an aqueous solution containing 1000 mg/l chloride, 500 
mg/l nitrate nitrogen and 2 ml/l of a concentrated commercial deter­
gent (Amway Corporation, Ada, Michigan) called L.O.C. The manufacturer 
of the liquid organic concentrate claims that concentrations of 20 mg/l of 
L.O.C. dissolved in river water were completely biodegraded after 3 days 
in a standard "River-Die-Away-Test" versus 21 days for an identical initial 
concentration of an L.A.S. detergent surfactant, or greater than 24 days 
for 10 other household detergents. An aqueous solution of 10 ml/l of 
L.O.C. is claimed to have a surface tension of 26 dynes/cm at room 
temperature versus 76 dynes/cm for pure water. 
The two-layer column of soil was comprised of 5 cm of a 40/60 
oven-dry weight ratio of Edina-Hagener soil mixture overlying 88 cm of 
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Hagener soil. The physical set-up of column A in Experiment 2 was 
modified for use in this experiment. Fritted porous plates were placed 
against the surface soil and beneath the soil at the bottom of the soil 
zone. The plates were required to maintain subatmospheric water pressure 
heads of 15 and 35 cm of water, respectively, at the inflow and outflow 
soil surfaces. With the aid of long brass machine bolts one of the 
porous plates was suspended downward from the top of the plastic 
column cylinder and the other plate was suspended upvrard from the bottom 
of the plastic column cylinder. Each porous plate was permanently 
affixed to a 2.54-cm thick circular section of clear acrylic plastic of 
a diameter somewhat less than the inside diameter of the plastic cylinder. 
Two rubber 0-rings for each circular plastic section placed in shallow 
grooves along the peripheral circular surface permitted a water-tight and 
air-tight seal between the porous plates and the inside cylinder wall. 
Once the porous plates were in place and the columns were filled with 
soil the position of the soil-filled zone coincided with the location 
of the inflow and outflow manifolds of 93-cm length. Since the water 
pressure heads in the entire soil column were subatmospheric the aerating 
gas was afforded access to the overall length of the soil-filled zone. 
Experiment 4 
The primary objective of Experiment 4 was to investigate the in­
fluence of soil aeration upon the movement of nitrate during miscible 
displacement through two-layer soil columns by aerating the soil with 
oxygen-helium mixtures containing 0.2, 5 and 20^ oxygen. A secondary 
objective was to study any effect of the presence of A.B.S. surfactant 
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upon the nitrate and chloride movement in the aerated soil columns. 
1-liter volumes of an aqueous 0,01^ CaSO/j, solution containing 500 mg/l 
chloride, 500 mg/l nitrate-nitrogen, 4 mg/l A.B.S. detergent surfactant 
and 105 mg/l sucrose-carbon were displaced through the four soil columns, 
A, B, C and D. The displacements were carried out three times for each 
column, one for each aerating gas used. Aqueous solutions used prior 
to and following the displacing solutions were O.OIN CaSO^j, solutions. 
The two-layer soil columns were comprised of 10 cm of a 60/40 oven-
dry weight ratio of Edina-Hagener soil mixture overlying 83 cm of Hagener 
soil. The physical set-up of columns A was identical to that of the one 
column, A, used in Experiment 3. The physical set-up of columns B, C and 
D was constructed by modifying the physical set-up of corresponding columns 
used in Experiment 2. The modification for B, C and D was identical to 
that used for A in Experiment 3. Negative water pressure heads of 20 cm 
of water each were maintained at the top and bottom ends of the soil 
columns, 
Experiment 5 
The principal purpose of Experiment 5 was to study the influence 
of soil aeration upon the movement of (1) nitrate and (2) L.A.S. 
detergent surfactant through two-layer soil columns by aerating the 
columns vjith oxygen-helium mixtures containing 0.2, 5 and 20^ oxygen. 
Soil columns used in the experiment are the same as those used in Ex­
periment 4. 1-liter volumes of an aqueous O.OIM CaSO^j, solution containing 
500 mg/l chloride and 46.5 mg/l L.A.S. surfactant were displaced through 
soil columns A and B. 1-liter volumes of an aqueous O.OIN CaSO^ solution 
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containing 500 rag/l chloride, 500 mg/l nitrate-nitrogen and 1C5 mg/l 
sucrose-carbon were displaced through soil columns C and D. The dis­
placements were carried out three times for each column, one for each 
aerating gas. Aqueous solutions used prior to and following the displacing 
solutions were O.OIN CaSO^ solutions. A secondary objective of this 
experiment was to investigate the influence of water flow velocity upon 
the movement of chloride, nitrate and L.A.S. through aerated two-layer 
soils. By maintaining an inflow water pressure head for two of the 
columns different than for the other two, half of the columns had differ­
ent flow velocities from those of the other two columns. Water pressure 
heads of 0 and minus 20 cm of water, respectively, were maintained at the 
inflow and outflow ends of soil columns A and C. For columns B and D, 
water pressure heads of minus 20 cm of water each were applied to inflow 
and outflow ends. 
Experiment 6 
Experiment 6 was designed primarily to study the influence of a 
very high concentration of sucrose upon the movement of chloride, nitrate 
and L.A.S. through two-layer soil columns aerated vn.th a gas of very low 
oxygen content, Columns A, B, C and D were the same as those used 
previously in Experiments 4 and 5- Measured volumes, 205 ml for B and 
170 ml for C, of aqueous 0.01^ CaSO^ solution containing 500 mg/l 
chloride, 500 mg/l nitrate-nitrogen, 46.5 mg/l L.A.S. and 2500 mg/l 
sucrose-carbon were displaced through soil columns B and C. Measured 
volumes, 200 ml for A and 180 ml for D, of aqueous O.OIN CaSO^^ solution 
containing 5OO mg/l chloride, 46.5 mg/l L.A.S. and 2500 mg/l sucrose-
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carbon were displaced through soil columns A and D. All aqueous 
solutions applied to A, B, C and D prior to and following the displacing 
solutions contained 2500 mg/l sucrose-carbon. Also, all aqueous solu­
tions applied to S and C prior to and follomng the displacing solutions 
contained 46.5 mg/l L.A.S. 
Positive water pressure heads of 2.5 cm of water were applied at 
the inflow end of each soil column and negative pressure heads of 20 cm 
of water were applied at the outflow end of each column. 
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RESULTS MD DISCUSSION 
Introduction To Results and Discussion 
In this section breakthrough curves of chloride, nitrate, L.A.S, 
and sucrose are presented and discussed. These breakthrough curves show 
how the soil environmental factors, aeration and flow velocity, affect 
the movement of the anions chloride and nitrate, of the anionic sur­
factant L.A.S, and of the organic molecule sucrose through two-layer 
soils. The areas enclosed beneath breakthrough curves are used to 
determine net losses or gains of sucrose, nitrate and L,A,S, in the 
liquid soil effluent as compared to initially applied amounts of each. 
Profiles of the distribution of water pressure head with soil 
depth for the two-layer soil columns have been presented for represen­
tative times which occur before, after and during displacement of 
solutions containing various combinations of chloride, nitrate, L.A.S. 
and sucrose. In addition to flow velocity fluctuations, changes in 
the pressure head profiles during a single displacement provide a simple 
means for sensitive indication of deviations in liquid flow through the 
soil from steady-state conditions. Analysis of the pressure head pro­
files provides insight into flow conditions at localized regions of 
the soil column, particularly in the vicinity of interfaces between 
two-soil layers. Although many of the water pressure profiles presented 
in this thesis could easily be used for the sole purpose of comparison 
with theoretical pressure profiles predicted, ty Zaslavsky (1964, 1Ç68), 
Takagi (I96O) and Srinilta (I967), the primary intent and purpose for 
reporting these experimentally measured pressure profiles was to present 
detailed data for flow conditions throughout a column of soil. When 
the inflow and outflow water pressure heads are maintained at constant 
values and the ambient temperature of the laboratory remain constant. 
Changes between pressure head profiles measured at different times are 
direct indications of changes in flow conditions within the soil. Changes 
in the flow conditions may result from, (a) localized variations in the 
ability of the soil to transport water by variations in microbiological 
activity, (b) interaction of solutes with surfaces of soil pores, (c) 
decreased interfacial surface tension of aqueous solution by the pre­
sence of surface active agents, (d) fluctuations in soil water content 
which result in fluctuations of unsaturated hydraulic conductivity, 
and (e) any number of other causes. 
Profiles of soil water content expressed as percentage of satura­
tion were prepared from the pressure head profiles with the aid of 
water content-pressure characteristic curves previously determined 
experimentally for the soils. Since soil water content and the number 
of air-filled pores are related, the relative ability of any section 
of a soil column to support gas movement during forced aeration with 
oxygen-helium mixtures can be inferred from the profiles of water con­
tent. A water content profile also enables one to discuss differences 
in relative thicknesses of water film between various sections of a soil 
column. Fluccuations in water contents of the soil alter micro-envir-
ronments of bacteria directly, whereas soil water pressure exerts an 
indirect effect upon the ecosystem. Since any influence of molecular 
oxygen upon the movement or degradation of chemical solutes in soil is 
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water pressure because of a number of hysteresis effects. 
Water content profiles are presented in this dissertation not as 
absolute measures of water contents actually incurred, but instead as 
relative indications of the degree of unsaturation which occurred in 
the soil columns. Since the water content profiles were inferred from 
a separate desorption experiment while sorption and desorption processes 
occurred simultaneously at different depths in the columns of soil, 
each of the water content profiles presented here have the inherent 
error of an unlcnown hysteresis effect or effects. Figure 6 indicates 
just how great this error may be. The only way to determine water 
content profiles which represent true indications of the distribution 
of water content with depth is to actually measure the water contents 
at various times. An excellent method for doing this is to use gairana 
attenuation. Unfortunately, time nor intricacies of the physical set­
up of the soil columns did not permit simultaneous measurements of water 
content and water pressure head. Future experiments xri-th multi-layered 
columns of soil should include such measurements in order to precisely 
evaluate characteristics of the flow conditions. The simultaneous 
occurrence of water sorption and desorption provide a motive for future 
investigation by soil physicists of water content-pressure hysteresis 
effects incurred during unsaturated steady water flow through two-layer 
columns of soil. 
The assuraption that straight line segments may be used to connect 
experimental points, the slopes of the line segments on the water pres­
sure head profiles were added to a value of minus one in order to give 
Figure 6. A comparison between profiles of the distribution of 
soil water content with soil depth as determined by-
water contents calculated from gamma-ray attenuation 
measurements and by using measured water pressure values 
to infer water contents from water pressure-content 
characteristic curves. These profiles were prepared 
from the two-layer soil columns—A, B, C, and D— 
used in Experiment 6 shortly before terminating the 
experiment. Water pressures of +2.5 and -20 cm of 
water were maintained at the surface and base of the 
columns. Water flow velocities for columns A, B, C, 
and D were measured as 0.103, 0.062, 0.074, and 0.110 
cm/hr, respectively. 
SOIL DEPTH (cm) 
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values for hydraulic gradients midway between two experimental points of 
pressure head. From these values, profiles of hydraulic gradient were 
constructed. Except at interfaces between soil layers, where discon­
tinuities in hydraulic gradient occur, the hydraulic gradient profiles 
may be used to study the influence of gravity and water pressure driving 
forces upon water flow in each soil layer. Changes in the hydraulic 
gradient profiles incurred at different times present a further means 
for studying changes within the soil during water flow through a two-
layer soil column. 
Analysis of the measured hydraulic gradients permits a comparison 
of the effects of gravity and water pressure upon steady flow of water 
downward through a two-layer soil column. Since the hydraulic gradient 
for this flow case is ((dh/dz) - l), the sign of the measured gradient 
gives an indication of the influence of water pressure upon water flow 
relative to the constant influence of gravity. A positive value of 
hydraulic gradient implies that the gradient of water pressure exceeds 
plus 1 and that the effect of water pressure upon flow is greater than 
the effect of gravity although effects are in opposite directions. 
A negative value of hydraulic conductivity implies that the water 
pressure gradient is less than plus 1 and that the influence of gravity 
upon flow is greater than that of water pressure, with an exception at 
the hydraulic gradient of minus 2 where gravity and water pressure 
effects are equal. Hydraulic gradients less than zero but larger than 
minus 1 indicate that gravity and water pressure effects are in opposing 
directions, and a gradient of minus 1 implies that the water pressure 
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influonce is negligible. Gradients less than minus 1 indicate that 
effects of gravity and water pressure both occur in the same direction, 
and that the gradient of water pressure head is always negative. Assum­
ing the water flux-hydraulic gradient relation of Darcy to be valid, we 
observe that negative values of hydraulic gradient imply water flow in 
a downward direction however, positive values of hydraulic gradient 
imply the unrealistic condition (Srinilta 196?) of upward flow. For 
this thesis the primary direction of water flow through the vertical 
layered soil columns vjill always be assumed vertically downward since 
that was the observed direction of net flow. 
By adding plus 1 to the measured hydraulic gradients the resulting 
sum provides a ratio of absolute effect of water pressure upon water 
flow to the absolute effect of gravity, which happened to have an ab­
solute value of unity. As. an example consider a hydraulic gradient of 
minus 0.5. In this case the water pressure influence upon flow is ^  of 
the gravity influence, although the effects are in opposite directions. 
An analysis of the results must include a consideration of the 
dissolved oxygen present in the aqueous solutions applied to the soil 
columns. When the Beclcman Model 77? Oxygen Analyzer was calibrated 
with air in the laboratory atmosphere at 8.5 ppm (8.5 ml/l) the concen­
tration of dissolved oxygen in boiled, deionized, distilled water was 
5.1 ppm. After CaSOj^ was added to the water to make a O.OIN solution 
the dissolved oxygen reading was also 5.1 ppm. Since the instrument 
measures oxygen activity rather than concentration, the actual concen­
tration of the O.OIN CaSO^ solution was probably slightly less than 
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5.1 ppm due to the CaSO/j, present. The presence of salt in the water will 
reduce the oxygen concentration but may not actually change the instrument 
reading of oxygen activity. Due to the inflow of air, as liquid flovrs 
from the constant head "Mariotte-type" dispensing bottle used in the 
thesis experiments, the O.OH CaSO/j, solution probably sorbs some oxygen 
as the liquid level in the bottle is lowered. Due to a greater ratio 
of air to liquid in the Mariotte bottle with lowering of the liquid level, 
the liquid dispensed from the bottle during a low liquid level is prob­
ably slightly higher in oxygen content than when the bottle is almost 
filled with liquid. For this study, more emphasis was placed upon 
maintained relative dissolved oxygen levels in the soil solution rather 
than being concerned with absolute quantities of dissolved oxygen in 
the soil solution. 
Results and Discussion for Experiment 1 
Part I 
Table 2 shows some physical characteristics of the soils used in 
Experiment 1. Saturated hydraulic conductivities for Edina soil, Ida 
soil and Clayton silica sand were 0.208, 2.46 and 139 cm/hr, respectively, 
which gives saturated conductivities as 1 : 18.2 : 668 between the top, 
intermediate and bottom soil layers. Although the saturated conductivity 
of the Ida soil is 18.2 times larger than that for the Edina, the con­
ductivity of the sand is 36.7 times larger than the conductivity of the 
Ida soil. Using Zaslavsky's (1964) criterion for establishment of com­
plete saturation in a two-layer soil, we can compare the ponded water 
depths required to establish water-saturation for the hypothetical case 
Table 2, Physical data for soil used in the flow system of Experiment 1 for miscible displacement 
of nitrate, chloride and sucrose through a three-layer soil column during continuous 
transport of helium-oxygen gas mixtures with 0.2 and 20^ oxygen laterally through the soil 
Uppermost layer Intermediate layer Bottom layer 
Edina soil Ida soil Silica sand 
0.2# 02 20# 02 0.2$ 02 20# 02 0.2# 02 20# 02 
Clay conten , ^ 35.0 35.0 29.53 29.53 0.6 0.6 
Silt content, % 48.0 48.0 58.05 58.05 0 0 
Sand content, ^ 17.0 17.0 12.42 12.42 99.4 99.4 
Soil texture silty clay loam silty clay loam sand sand 
Layer thickness, cm 6 6 9 9 122.5 122.5 
Cross section, cm^ 103.9 103.9 103.9 103.9 103.9 103.9 
Bulk volume, 1 0.623 0.623 0.935 0.935 12.628 12.628 
Bulk density, 
gm/cra3 0.98 0.98 1.03 1.03 1.89 1.89 
Porosity, ^  63.0 63.0 61.7 61.7 28.6 28.6 
Saturated K, cm/hr 0.208 0.208 2.46 2.46 139 139 
Saturated water 
content, cm^/cm^ 0.560 0.560 0.424 0.424 0.275 0.275 
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where both the top and intermediate soil layers are replaced entirely 
by Ida soil or Edina soil. Ponded water depths greater than 5355 cm or 
10,005 cm, respectively, would be required to establish saturation 
throughout the soil column if the upper 15 cm were comprised entirely 
of Ida or Edina soil. Thus although both soils are silty clay loams 
in texture water flow through the actual 3-layer column used is restric­
ted more by the Edina soil than by the Ida. 
The desorption characteristic curves depicted in Figure 7 shows 
the sand to drain rapidly for negative water pressure heads greater 
than about 20 cm of water but the Edina soil drained only gradually 
even for negative pressure heads above about 40 era of water. These 
characteristic curves would indicate that a large portion of the 28.6^ 
pore space volume of the sand are large pores, whereas the 63.0^ pore 
space volume of the Edina soil is probably composed of a majority of 
capillary pores. 
Some of the most pertinent details of gas and liquid flow data have 
been presented in Table 3. Ponded water depths of 2 cm maintained 
for the column during miscible displacements lAen the soil was aerated 
with gas containing 0.2^ and 20^ oxygen gave average liquid flox-r velo­
cities 0.40 and 0.52 cm/hr, respectively. A ponded water depth of 1 cm 
maintained for the coluim during a third miscible displacement, when 
the soil was aerated with 0.2^ oxygen gas and sucrose was added contin­
uously to the ponded water as an energy source, resulted in an average 
liquid flow velocity of 0.29 cm/hr. 
The areas enclosed beneath the measured elution or breakthrough 
Figure 7. Water pressure-content characteristic curves for Edina 
soil and silica sand 
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Table 3. Flow data associated i-ri.th Experiment 1 for miscible displacement of nitrate, chloride 
and sucrose (displaced and displacing solutions contained a diluted nutrient solut un) 
through a three-layer soil column during continuous transport of helium-oxygen gar. 
mixtures with 0.2, 5i and 20^ oxygen laterally through the soil 
0.2# oxygen 20^ oxygen 
Hinput» cm of H2O 
HoutputI cm of H2O 
Liquid flux, cm/hr 
Gas flow rate, ml/hr 
Chloride-Co, mg/l 
Nitrate-nitrogen-
Co, mg/l 
Sucrose-carbon-
Cq. mg/l 
Sucrose-carbon in 
soil solution, mg/l 
Volume of solution, 1 
+2 
0 
0.40 
528 
1000 
2000 
10,000 
0 
1 
+2 
0 
0.52 
108 
1000 
2000 
10,000 
0 
1 
0.2^ oxygen 
with sucrose in 
Soil solution 
+1 
0 
0.29 
530 
1000 
1000 
84 
84 
1 
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cui'ves (Figures 8 and 9) show when computed that 66.52/J and yi.l6'^i of 
added amounts of nitrate and sucrose were recovered from the col'amn of 
soil when 0.2^ oxygen was used as the aerating gas. The corresponding 
recoveries (Figures 10 and 11) of nitrate and sucrose were 72.4-0 and 
82.20^ when 20$ oxygen was the aerating gas. Of the added amo^znts of 
2000 mg nitrate-nitrogen and 10,000 rcg sucrose-carbon, there were 669.6 
mg and 2884 mg respectively that were not recovered from the soil column 
when it was aerated with 0.2^ oxygen gas; corresponding losses of 552 mg 
nitrogen and 178O mg carbon were incurred when the soil was aerated 
ifith 20^ oxygen gas. A glance at sucrose losses relative to nitrate 
losses reveals that the ratios of carbon loss to nitrogen loss were 
2884/669.6 = 4.32/1 and 1780/552 = 3.23/1, respectively, for 0.2^ 
oxygen and 20^ oxygen aerating gases, and that both ratios are less than 
the (10,000/2000 =) 5/1 ratio of amounts of carbon and nitrogen added 
to the soil initially. A further look at Figures 8 and 9 shows that 
loss of nitrate, 669.6 mg, when the soil was aerated t-Jith 0.2^ oxygen 
was 1.21 times greater than the nitrate loss, 552 mg, when the aerating 
gas was 20^ oygen; whereas, the loss of sucrose (2884 mg) for the case 
of aeration i-ri-th 0.2^ oxygen was more than 1.62 times the corresponding 
sucrose loss (I78O mg) for 20^ oxygen. The losses of nitrate and sucrose 
when the soil was aerated with 0.2';j oxygen exceeded the losses when 20"^ 
oxygen was the aerating gas by (669.6 - 552 =) 117.6 mg of nitrogen and 
(2884 - 1780 =) 1104 mg of organic carbon or a ratio of 117.6/1104 = 1/9.37. 
Since nitrate may be lost both by microbiological denitrification and 
assimilation we cannot assert that the greater nitrate loss at the lower 
Figure 8. Chloride and nitrate breakthrough curves for displacement of one-liter aqueous solutions 
downward through a three-layer soil column—6 cm of Edina soil overlying 9 cm of Ida 
soil which is underlain by 122,5 cm of silica sand—during transport of a helium-
oxygen gas mixture containing 0.2^  oxygen laterally through the vertical column. A 
ponded water depth of 2 cm maintained at the column surface and a water pressure head 
of zero maintained at the column base resulted in an average water flow velocity of 
0.40 cm/hr. The average flow rate for the gas mixture was 528 cm3/hr. The displacing 
solution and solutions used prior to and following the displacing solution contained 
Hoagland and Arnon nutrient solution dilut.ed by a factor of four. Concentrations 
of chloride, nitrate-nitrogen and sucrose-carbon in the displacing solution were 1000, 
2000, and 10,000 mg/l, respectively. 
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Figure 9. Chloride and sucrose breakthrough curves for displacement of one-liter aqueous solutions 
downward through a three-layer soil column—6 era of Edina soil overlying 9 cm of Ida 
soil which is underlain by 122.5 cm of silica sand—during transport of a helium-oxygen gas 
mixture containing 0.2^ oxygen laterally through the vertical column. A ponded water 
depth of 2 cm maintained at the column surface and a water pressure head of zero main­
tained at the column base resulted in an average water flow velocity of 0.^0 cm/hr. The 
average flow rate for the gas mixture was 528 cm^/hr. The displacing solution and 
solutions used prior to and following the displacing solution contained Hoagland and 
Arnon nutrient solution diluted by a factor of four. Concentrations of chloride, nitrate-
nitrogen and sucrose-carbon in the displacing solution were 1000, 2000, and 10,000 mg/l, 
respectively. 
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Figure 10. Chloride and nitrate breakthrough curves for displacement of one-liter aqueous solution 
downward through a three-layer soil column—6 cm of Edina soil overlying 9 cm of Ida 
soil which is underlain by 122.5 cm of silica sand—during transport of a helium-
oxygen gas mixture containing 20^ oxygen laterally through the vertical column. A 
ponded water depth of 2 cm maintained at the column surface and a water pressure head 
of zero maintained at the column base resulted in an average water flow velocity of 
0.52 cm/hr. The average flow rate foi* the gas mixture was 108 cm^/hr. The displacing 
solution and solutions used prior to and following the displacing solution contained 
Hoagland and Arnon nutrient solution diluted a factor of four. Concentrations of 
chloride, nitrate-nitrogen and sucrose-carbon in the displacing solution were 1000, 2000, 
and 10,000 mg/l, respectively. 
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Figure 11. Chloride and sucrose breakthrough curves for displacement of one-liter aqueous solutions 
doifnward through a three-layer soil column—6 cm of Edina soil overlying 9 cm of Ida 
soil which is underlain by 122.5 cm of silica sand—during transport of a helium-
oxygen gas mixture containing 20^ oxygen laterally through the vertical column. A 
ponded water depth of 2 cm maintained at the column surface and a water pressure head 
of zero maintained at the column base resulted in an average wâter flow velocity of 
0.52 cm/hr. The average flow rate for the gas mixture was 108 cra3/hr. The displacing 
solution and solutions used prior to and following the displacing solution contained 
Hoagland and Arnon nutrient solution diluted by a factor of four. Concentrations of 
chloride, nitrate-nitrogen, and sucrose-carbon in the displacing solution were 1000, 
2000, and 10,000 mg/l, respectively. 
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partial pressure of oxygen is attributable entirely to denitrification, 
but we may affirm that a difference of 117.6 mg of nitrogen occurred 
when the soil was aerated with the two levels of oxygen partial pressure. 
The greater loss of 1104 mg of sucrose-carbon incurred during soil 
aeration with 0.2% oxygen over the loss incurred during the aeration 
with 20^ oxygen was not expected; however, the role of the large amount 
of nitrate present as an electron acceptor in the microbiological oxida­
tion of the sucrose may in some way account for the phenomenon. The pres­
ence of a large amount of an energy source in the form of sucrose 
coupled with the continual presence of a nutrient solution containing 525 
ppm nitrate-N presented a soil ecosystem capable of maintaining a very high 
level of biological activity which in turn reauired large amounts of 
oxygen as electron acceptors to oxidize the sucrose-carbon. When the soil 
was aerated with 20^ oxygen at an average flow rate of 108 cm^/hr, molec­
ular oxygen was continuously passed through the soil column at an average 
flow rate of 21.6 cm^/hr, but the corresponding rate of molecular oxygen 
supply to the soil was only 1.06 cm^/hr for 0.2^ oxygen gas flowing at 
an average rate of 528 cm?/hr. With 10,000 mg of sucrose-carbon added 
to the soil aerated at the two oxygen supply levels large amounts of 
electron acceptors were needed ty the microbes to degrade the sucrose. At 
the low supply rate of 1.06 cm^/hr of oxygen the combined oxygen of the 
nitrate which was in great supply provided an alternate acceptor of elec­
trons, and to a limited extent some nitrate probably served as electron ac­
ceptors when the flow rate of oxygen was 21.6 cm^/hr. Thus at the two 
levels of oxygen partial pressure the quantities of electron acceptors as 
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molecular oxygen or chemically combined, ojiygen in nitrate, were enough 
to microbially oxidize huge quantities of organic carbon. Therefore, 
since the average liquid flow velocity of 0.52 cm/hr observed during 
aeration with 20^ oxygen was approximately 1.3 times greater than that 
observed during aeration with 0.2^ oxygen, the contact time between 
moving sucrose and soil microbes in the case of aeration with 20^ 
oxygen was only about 77^ of the contact time in the case of aeration 
vrith 0.2# oxygen. Thus contact time with soil microbes could possibly 
account for the larger oxidation of sucrose at the lower oxygen level. 
In the last four figures (8, 9, 10, 11), the nitrate, sucrose and 
chloride elution curves aren't symmetrical for either aeration level. 
The unsymmetrical'nature of these curves imply that the microbial 
population increased markedly as the more concentrated nitrate and 
sucrose solution passed through the column of soil. 
Observation of the water pressure profiles (Figures 12 and 13) 
for aeration with 0.2 and 20# oxygen show that zones of nearly constant 
subatmospheric water pressure occurred in a zone between soil depths of 
30 cm and 90 cm. Takagi (I96O) has predicted the presence of such a 
zone in two-layer soils. The linearity of the profiles over the bottom 
17.5 cm of soil implies that the lower portion of the column was near 
water-saturation (Srinilta I967). The profiles were concave to the left 
between depths of about 8 and 22 cm on which indicate a desorption zone. 
Profiles taken approximately 5 days apart during each miscible dis­
placement were only slightly displaced from each other when the soil was 
aerated with 20# oxygen but the separation between profiles was larger 
Figure 12. À profile of the distribution of water pressure head 
with soil depth showing changes in pressure incurred 
during miscible displacement of a one-liter aqueous 
solution of chloride, nitrate and sucrose downward 
through a three-layer soil column aerated with a 0,2% 
oxygen gas mixture. Water pressure heads of +2 and 
0 cm of water were maintained at the column surface 
and base, respectively. The average water flow velocity 
for the column was 0.40 cm/hr and the average gas flow 
rate was 528 cm3/hr. The displacing solution and so­
lutions prior to and following the displacing solution 
contained Hoagland and Arnon nutrient solution diluted 
by a factor of four. 
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Figure 13. A profile of the distribution of water pressure head 
with soil depth shox^ing changes in pressure incurred 
during miscible displacement of a one-liter aqueous 
solution of chloride, nitrate and sucrose downward through 
a three-layer soil column aerated with a 20/o oxygen gas 
mixture. Water pressure heads of +2 and 0 cm of water 
were maintained at the column surface and base, res­
pectively. The average water flow velocity for the col­
umn was 0.52 cm/hr and the average gas flow rate was 
108 cra3/hr.• The displacing solution and solutions prior 
to and following the displacing solution contained Hoag-
land and Arnon nutrient solution diluted by a factor of 
four. 
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in the upper 25 cm or so of the column when the soil was aerated tjith 
0.2®o oxygen. The profile separations were such that the upper 120 cm 
of the soil column underwent a wetting or sorption process during the 
5-day period for each aeration level used. The wetting process was of 
greater magnitude in the soil column when aerated with 0.2^ oxygen than 
when aerated with 20^ oxygen. Since the two profiles that were shovm 
on Figure 12 have about the same shape below a depth of approximately 
20 cm and slightly different shapes above 20 cm, the greater wetting 
effect in the column aerated with 0.2^ probably occurred as a result of 
flow conditions in the Edina and Ida soil layers. The wetting effect for 
aerations with 0.2^ and.20^ oxygen is even more clearly shoxm by the 
separations between soil water content profiles (Figures 14 and 15) 
measured at the 5-day intervals. Although the data presented in the last 
four figures and two tables strongly suggest that the water sorption 
occurred as a result of changes in the upper two soil layers, it can­
not be easily decided as to what mechanisms were responsible for the 
changes. 
Hydraulic gradient profiles (Figures l6 and 1?) are not greatly 
different for aeration gases of 0.2^ and 20^ oxygen. The slopes of 
the profiles of hydraulic gradient in the sand layer show that between 
soil depths 30 and 90 cm the negative hydraulic gradient is very nearly 
constant which suggests a constant hydraulic conductivity. Below 90 cm 
depth the negative gradient increases with increasing depth which sug­
gests water movement in a zone of water sorption. A zone of water 
desorption seems to occur in the Ida soil layer and in the portion of 
Figure 1^. A profile of soil water content expressed as percentage 
saturation showing changes in water content incurred 
during miscible displacement of a one-liter aqueous 
solution of chloride, nitrate and sucrose downward through 
a three-layer soil column aerated ivith a 0.2# oxygen gas 
mixture. Water pressure heads of +2 and 0 cm of water 
were maintained at the column surface and base,.respec­
tively. The average water flow velocity for the column 
was 0.40 cm/hr and the average gas flow rate was 528 
cra3/hr. The displacing solution and solutions used prior 
to and following the displacing solution contained Hoag-
land and Arnon nutrient solution diluted by a factor of 
four. 
SOI L 
.ps Fô o 03 
o o o o 
t> o 
ai 
en o 
o 
a, 
» o 
-
CO 
CO 
10 
O [-
< 
OJ 
50 
rîi 
-Tj 
"1 i 
ï" 
0 C 
= 9 ! il 
C! % 
DEPTH (crn) 
0) 
o 
.h 
O 
CO 
z 
o 
o 
o 
o 
c 
•o 
c 
T3 
c: 
O 
b 
o 
3 
ro 
O 
~r" 
X % 
ro 
o 
o 
n 
O 
k) •0 c 
il 
g m 
ni 
O 
o 
'J> 
Irn 
io 
iz 
O 
Figure 15. A profile of soil water content expressed as percentage 
saturation showing changes in water content incurred 
during miscible displacement of a one-liter aqueous 
solution of chloride, nitrate and sucrose downward 
through a three-layer soil column aerated with a 20^ 
oxygen gas mixture. Water pressure heads of +2 and 0 
cm of water were maintained at the column surface and 
base, respectively. The average water flow velocity 
for the column was 0.52 cm/hr and the average flow rate 
for the gas mixture was 108 cm^/hr. The displacing 
solution and'solutions used prior to and following the 
displacing solution contained Hoagland and Arnon nu­
trient solution diluted by a factor of four. 
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the sand layer above a soil depth of about 30 cm. All of the hydraulic 
gradients in the Ida soil and silica sand layers are negative which 
indicates that the gradient of water pressure head is less than plus 1. 
Stated in other words, the effect of the gravity driving force upon 
water movement through the Ida soil and silica sand layers is greater 
than the effect of the water pressure head driving force. The bottom 
most plotted points of hydraulic gradient seen on Figures l6 and 17 are 
only slightly larger than minus 1, which is the gradient at which gravity 
and water pressure effects on flow are equal. The positive hydraulic 
gradient which occurs in the Edina soil implies that the effect of the 
pressure head driving force upon water movement in that layer is greater 
than the effect of the gravity driving force. 
Part II 
Figure 18 presents elution curves of chloride and nitrate which 
were displaced downward through the three-layer soil aerated with 0.2^ 
oxygen gas when 84- mg/l of sucrose-carbon was continuously maintained 
in all aqueous solutions applied to the column surface. An average flow 
rate of 530 cra3/hr of the 0.2^ oxygen gas resulted in a flow rate of 
only 1.06 cm^/hr of oxygen. The area beneath the nitrate curve indicates 
that 78.80^ of the 1000 mg of initially applied nitrogen was recovered 
in the liquid effluent. The absolute loss of nitrate was 212 mg of 
nitrogen. By multiplying this value by a factor 2(= 2000 mg/lOOO mg) 
as adjustment for differences in amounts of added nitrate for the miscible 
displacement and the displacement in Part I when the soil was aerated 
with the same amount of O2 a comparison of this nitrate loss in Parts I 
Figure l6. A profile of the distribution of hydraulic gradient with 
soil depth shorâng changes in hydraulic gradient incur­
red during miscible displacement of a one-liter aqueous 
solution of chloride, nitrate and sucrose doxmward through 
a three-layer soil column aerated with a 0.2^ oxygen gas 
mixture. Water pressure heads of +2 and 0 cm of water 
were maintained at the column surface and base, respec­
tively. The average water flow velocity for the column 
was 0.40 cm/hr and the average gas flow rate was 528 
cm3/hr. The displacing solution and solutions prior to 
and following the displacing solution contained Hoagland 
and Arnon nutrient solution diluted by a factor of four. 
o 
ou 
OQ 
o 
o 3 
G 2 
f—9-
8o 
oo 
— CVJ 
% 
1.8 
Q. 
O 
o 
o 
o 
K 
O 
3 (/) 
O 
O 
CL 
_J 
Ô 
O) 
CO 
m 
d 
<c 
z 
ci 
LU 
ro m 
O CO 
o 
< z 
es 
:.:3 c;r o ci^3 li-ir 
O 
I 
0 
c\J 
1 
I 
LUI 
< 
Q 
I-
ZD 
a. 
TV» 
o 
z 
Ij-J 
o 
>-
5 s 
o 
<M 
d 
o 
CJ 
o 
Q 
2: 
< (f) 
o 
CD 
_.1_ 
o 
CO 
C-uo) î-iici3a nos 
L'j 
ZD 
-J 
k 
LU 
to 
E =. 
o K|-
o 
Ci 
>x 
a 
O 
o m 
-j 
o 
CO 
00 
LO 
o <J 
I I 1 
o 
o 
o 
Figure 17. A profile of the distribution of hydraulic gradient 
iidth soil depth shoifing changes in hydraulic gradient 
incurred during miscible displacement of a one-liter 
aqueous solution of chloride, nitrate cind sucrose dovm-
ward through a three-layer soil column aerated with a 
20^ oxygen gas mixture. Water pressure heads of +2 
and 0 cm of water were maintained at the column surface 
and base, respectively. The average water flow velocity 
for the column was 0.52 cm/hr and the average flow rate 
for the gas mixture was 108 cm3/hr. The displacing 
solution and solutions prior to and following the dis­
placing solution contained Hoagland and Arnon nutrient 
solution diluted by a factor of four. 
123b 
0^  
HYDRAULIC Gr^ADIENT ( O t;l 
0 tio -20 -10 -^20 
2DINA o 
IDA 
20^ 
40 
c 
o 
CL 
UJ 
o 
60r-
INPUT ATil'].: . 
20% OXYGEN 
o 
- o 
SAND 
_j 
5  80r 
100 
120^ 
g 
u 
C ) 
u 
r 
n 
CI 
p 
(") 
O c k w J Lv\wf I—, 
o 0 days 
- 5.000" 
J 
0 
0 
( ; 
lOOOoprn cr 
2000ppmN0'^N 
êOpOOpprri 
SUCROSE-C 
SOIL 
EDiNA 
IDA 
SAND 
P 
9C 0 
1.03 
1.89 
V EFFLUEN' 
0 cm^ 
00:^:5 
140 
Figure 18. Breakthrough curves for a one-liter aqueous solution of chloride and nitrate displaced 
dovmward through a three-layer soil column—6 cm of Edina soil overlying 9 cm of Ida 
soil which is underlain by 122.5 cm of silica sand—during transport of a helium-
oxygen gas mixture containing 0.2^ oxygen laterally through the vertical column. A 
ponded water depth of 1 cm maintained at the column surface and a water pressure head 
of zero maintained at the column base resulted in an average water flow velocity of 
0.29 cm/hr. The average flow rate for the gas mixture was 530 cm^/hr. The displacing 
solution and solutions passed through the soil prior to and following the displacing 
solution were one-fourth dilutions of Hoagland and Amon nutrient solution which also 
contained 84 mg/l of carbon as sucrose. Concentrations of chloride and nitrate-
nitrogen in the displacing solution were 1000 mg/l for each. 
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and II could be made. In making the comparison it should be remembered 
that in Part I there was added steadily a solution of 84 mg/l of sucrose-
carbon whereas in Part II a single slug of 10,000 mg of sucrose was 
added in a liter of solution. The comparison shows that there was only 
(669.6/2x212) = 1,58 times greater nitrate loss in Part II than in Part I 
even though the sugar concentration was 119 times greater. From this 
comparison we see that continuous application of an energy source such 
as carbon to the moving soil solution is a more efficient means of in­
creasing denitrification of added nitrogen than addition of much larger 
sucrose additions at the time the nitrate is applied to the soil. Corey 
(1966, p. 171-173). 
Although slightly unsymmetrical in nature, the elution curves for 
nitrate and chloride show that nitrate and chloride were displaced at 
about the same velocities, also agreeing with Corey (1966, p. 66-100). 
Separation of the two water pressure profiles (Figure 19) which 
were taken at the beginning and end of a 8.5 day period show a drying 
or desorption effect on the most of the soil column. The water content 
profiles (Figure 20) show the drying effect even more. 
The hydraulic gradient profile (Figure 21) is similar to the pro­
files discussed in Part I. 
Results and Discussion for Experiment 2 
Physical data for soil comprising the two-layer flow system of soil 
columns A, B, C and D are presented in Table 7. The saturated hy­
draulic conductivity of the Hagener soil which formed the loifer layer 
of the four columns exceeded the saturated conductivity of the Edina 
Figure 19. A profile of the distribution of water pressure head 
with soil depth showing changes in pressure incurred 
during miscible displacement of a one-liter aqueous 
solution of chloride and nitrate downward through a 
three-layer soil column aerated with a 0.2^ oxygen 
gas mixture. Water pressure heads of +1 and 0 cm of 
water were maintained at the column surface and base 
respectively. The average water flow velocity for the 
column was 0.29 cm/hr and the average gas flow rate 
was 530 cra3/hr. The displacing solution and solutions 
passed through the soil prior to and following the dis­
placing solution were one-fourth dilutions of Hoagland 
and Arnon nutrient solution which also contained 84 
mg/l of carbon as sucrose. 
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Figure 20. A profile of soil water content expressed as percentage 
saturation showing changes in water content incurred 
during miscible displacement of a one-liter aqueous 
solution of chloride iind nitrate downward through a 
three-layer soil column aerated with a 0.2# oxygen gas 
mixture. Water pressure heads of +1 and 0 cm of water 
were maintained at the column surface and base, respec­
tively. The average water flow velocity for the column 
WcLS 0.29 cm/hr and the average gas flow rate was 530 
cm3/hr. The displacing solution and solutions passed 
through the soil prior to and following the displacing 
solution were one-fourth dilutions of Eoagland and 
Arnon nutrient solution which also contained 84 mg/l of 
carbon as sucrose. 
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Figure 21. profile of the distribution of hydraulic gradient 
with soil depth showing chcinges in hydraulic gradient 
incurred during miscible displacement of a one-liter 
aqueous solution of chloride and nitrate dotmward through 
a three-layer soil column aerated with a 0.2$ oxygen gas 
mixture. Water pressure heads of +1 and 0 cm of water 
were maintained at the column surface and base, respec­
tively. The average water flow velocity for the column 
was 0.29 cm/hr and the average gas flow rate was 530 
cm3/hr. The displacing solution and solutions passed 
through the soil prior to and following the displacing 
solution were one-fourth dilutions of Hoagland and 
r.rnon nutrient solution which also contained 84 mg/l of 
carbon as sucrose. 
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Table 7. Physical data for soil used in the flow system of Experiment 2 for miscible displacement 
of nitrate, chloride and sucrose through two-layer soil columns—A, B, C, and D—during 
continuous transport of a helium-oxygen gas mixture with 0.2^ oxygen laterally through 
the soil 
Upper layer Lower liiyer 
h 
Edina 
B 
soil 
C D A 
Hagener 
B 
soil 
C D ' 
Clay content, ^ 35.0 35.0 35.0 35.0 9.5 9.5 9.5 9.5 
Silt content, $ 48.0 48.0 JULO 48.0 0.5 0.5 0.5 0.5 
Sand content, ^ 17.0 17.0 17.0 17.0 90.0 90.0 90.0 90.0 
Soil texture • silty clay loam—»~ — — "  s a n d  •  
I^iyer thickness, cm 19 19 19 19 119 119 119 119 
Cross section, cm^ 103.9 103.9 103.9 103.9 103.9 103.9 103.9 103.9 
Bulk volufiie, 1 1.974 1.974 1.974 1.974 12.364 12.364 12.364 12.364 
Bulk density, gm/cmP 1.09 1.07 1.05 1.05 1.49 1.48 1.51 1.50 
Porosity, ^  58.8 59.6 60.3 60.3 43.7 44,1 43.0 43.3 
Saturated K, cm/hr 0.163 0.163 0.163 0.163 19.55 19.55 19.55 19.55 
Saturated water 
content, cm3/cm3 0.560 O.560 0.560 0.560 0.364 0.364 0.364 0.364 
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soil which formed the upper layer of the columns by a factor of 120. 
Characteristic water content-pressure curves for these soils (Figure 22) 
show that the Hagener soil drains rapidly for water pressures less than 
about Diinus 20 cm as compared to a gradual drainage in the Edina soil 
for water pressures less than minus 40 cm of water. The actual saturated 
hydraulic conductivities were O.I63 and 19.55 cm/hr for the Edina and 
Hagener soils. Using Zaslavsky's (1964) criterion, we calculate that a 
ponded water depth greater than the value of 226/cm would be required to 
maintain complete saturation in these two-layer flow systems. Actual 
ponded depths of 2 cm were maintained at the surface and atmospheric 
water pressure was maintained at the base of soil columns A, B, C and D. 
Table 8 gives flow data for the soil columns A, B, C and D. Average 
flow rates for 0.2^ oxygen gas through the columns A, B, C and D were 133, 
155, 213 and 175 cm3/hr, respectively, which resulted in oxygen flow rates 
of 0.27, 0.31, 0,43 and 0.35 cm^/hr. Average liquid flow velocities for 
columns A, B, C and D were 0.39, 0.34, 0.21 and 0.37 cm/hr respectively. 
The flow velocity for column C was somewhat less than for the other soil 
columns. 
Figure 23 has four subfigures each with two or three curves and 
vâth data for soil columns A, B, C and D. The areas under the measured 
curves of nitrate concentration plotted against volume of liquid efflu­
ent show that 76.36 and 88.3650 of the nitrate applied to soil columns A 
and B was recovered in the liquid effluent respectively. Actual loss 
of the initial 100 mg of nitrate-nitrogen applied to column A was 23.64 mg 
and the actual loss of the initial 1000 mg of nitrate-nitrogen was 
Table 8. Flow data associated with Experiment 2 for miscible displacement of nitrate, chloride, 
and sucrose through two-layer soil columns—A, B, C, and D—during continuous transport 
of a helium-oxygen gas mixture with 0.2^ oxygen laterally through the soil 
A B c D 
^input» ^2® +2 +2 +2 +2 
Houtput' Gm of H2O 0 0 0 0 
Liquid flux, cm/hr 0.39 0.34 0.21 0.37 
Gas flow rate, ml/hr 133 155 213 175 
Chloride-Cq, mg/l 1000 1000 1000 1000 
Nitrate-nitrogen-
Co. mg/l 100 1000 1000 1000 
Sucrose-carbon-
Cq. mg/l 0 0 1000 1000 
Volume of solution, 1 1 1 1 1 
{ 
Figure 22. Water pressure-content characteristic curves for 
Hagener and Edina soils 
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Figure 23. Chloride and nitrate breakthrough curves for displacement of one-liter aqueous solutions 
downward through four two-layer soil columns—A, B, C, and D—comprised of 19 cm of Edina 
soil overlying 119 cm of Hagener soil and aerated with a 0.2^ oxygen gas mixture laterally 
through the vertical columns. Two curves designated as N2 and CO2 show changes in com­
position of the gaseous effluent vjith volumes of gaseous and liquid effluents collected 
from the columns. A ponded water depth of 2 cm maintained at the surface and a water 
pressure head of zero maintained at the base for columns A, B, C, and D resulted in 
average water flow velocities of 0.39, 0.3^, 0,21, and 0.37 cm/hr, respectively. 
Average gas flow rates for A, B, C, and D were 133, 155, 213, and 175 cm^/hr, respectively. 
Displacing solutions used for these soil columns contained 1000 mg/l of carbon as su­
crose for columns C and D, 1000 mg/l of nitrogen as nitrate for B, C, and D, 100 mg/l 
of nitrogen as nitrate for A, and 1000 mg/l of chloride for all four of the columns. 
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ll6.40 mg. Although nitrate losses expressed as a percentage of the 
applied amounts for column A was greater than that for column B, the 
actual nitrate losses expressed as rag were less than for column B. 
Curves of CO2 and N2 concentration plotted against gaseous effluent 
in Figure 23 show that the CO^ concentration was essentially constant 
at 0.15^ in the gaseous effluent. N2 curves (top of Figure 23) indicate 
that nitrogen gas was evolved in the soil ty denitrification. No ex-
plaination is offered for the larger N2 concentrations in gaseous effluent 
for column A other than that for column B except maybe the slightly 
slower gas flow rate had some effect. Based upon previously observed 
data (Corey I966,), the chloride elution curve has the shape expected 
because of pore-water velocity distribution and ionic diffusion. 
The areas enclosed beneath measured elution curves (Figures 24 and 
25) of nitrate for soil columns C and D to which 1000 mg of sucrose-
carbon was applied along with a similar quantity of nitrate-nitrogen 
show that only 63.90^ and 69.18^, respectively, of the initially added 
nitrate was recovered in the liquid effluent. Absolute nitrate losses 
were 3^1 mg and 308.2 mg of nitrogen for columns C and D, respectively. 
The larger nitrate loss for C is attributed to the much slower liquid 
flow velocity observed. A comparison of these nitrate losses from C and 
D with that of the loss of N2 of column B as shown in Figure 23, shows • 
that the presence of sucrose in the vicinity of nitrate moving through 
columns C and D resulted in nitrate losses which were almost three times 
greater than the loss for column B when no sucrose was added along with 
the nitrate. Concentrations of CO2 and N2 the gaseous effluent 
Figure 24. Chloride and nitrate breakthrough curves for displacement of one-liter aqueous solutions 
downward through a two-layer soil column—C—comprised of 19 cm of Edina soil overlying 
119 cm of Hagener soil and aerated with 0.2^ oxygen gas mixture laterally through the 
vertical columns. The curves designated as CO2 and N2 shows changes in composition 
of the gaseous effluent vrith volumes of gaseous and liquid effluents collected from the 
columns. 
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Figure 25. Chloride and nitrate breakthrough curves for displacement of one-liter aqueous solutions 
doimward through a two-layer soil column—D—comprised of 19 cm of Edina soil overlying 
119 cm of Hagener soil and aerated with 0.2^ oxygen gas mixture laterally through the 
vertical columns. The curves designated as CO2 and N2 shows changes in composition of 
the gaseous effluent with volumes of gaseous and liquid effluents collected from the 
columns, 
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measured concomitantly with those of nitrate and chloride indicate a 
measurable microbiological activity for C and D with denitrification 
being confirmed by the presence of nitrogen. Peaks in the CO2 curves 
show the effect of changing sucrose concentration during movement 
through the soil columns upon microbiological oxidation of the sucrose. 
Returning to Figure 23 it is seen that elution curves for sucrose given 
for soil columns C and D reveal losses in the liquid effluent of applied 
sucrose as 937.8 mg and 8l6.4 mg, both as carbon, respectively. Thus 
the level of microbiological activity was relatively high. 
Figure 26 shows profiles of the distribution of water pressure head 
with soil depth for two selected times during the miscible displacements 
in the two-layer soil columns. The relatively small separation between 
the two water pressure profiles given for each soil column plus the small 
separation between the corresponding profiles of water content indicate 
that the flow regime for the soil columns remained essentially constant. 
However, a slight decrease in the liquid flow velocity was observed for 
each column of soil over the approximately 6-day period between each of 
the two measured water pressure profiles. The water content profiles 
(Figure 27) show that the upper soil layer consisting of Edina soil 
was water-saturated. The lower layer of Hagener soil was water-unsaturated 
except for the bottom 5 cm or so of soil. 
Analysis of the profiles (Figure 28) of hydraulic gradient for 
columns A, B, C and D shows that both negative and positive gradients 
plus even the inconceivable value of zero were observed in the Edina 
layer while only negative gradients were observed in the Hagener layer. 
Figure 26. Profiles of the distribution of water pressure head 
with soil depth showing changes in pressure incurred 
during miscible displacement of one-liter aqueous solu­
tions downward through four two-layer soil columns—A, 
B, C, and D—comprised of 19 cm of Edina soil overlying 
119 cm of Hagener soil and aerated vdth a 0.2# oxygen 
gas mixture laterally through the vertical columns. 
Displacing solutions used for these soil columns con­
tained 1000 mg/l of sucrose-carbon for columns C and 
D, 1000 mg/l of nitrate-nitrogen for B,C, and D, 100 
mg/l of nitrate-nitrogen for A and 1000 mg/l of chloride 
for all four of the columns. A ponded water depth of 
2 cm maintained at the surface and a water pressure 
head of zero maintained at the biise for columns A, B, 
C, and D resulted in average water flow velocities of 
0.39, 0.34, 0.21 and 0.37 cm/hr, respectively. Average 
gas flow rates for A, B, C, and D were 133, 155, 213, 
and 175 cra3/hr, respectively. 
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Figure 27. Profiles of soil water content expressed as percentage 
saturation showing changes in water content incurred 
during miscible displacement of one-liter aqueous so­
lutions downward through four two-layer soil columns— 
A, B, C, and D—comprised of 19 cm of Edina soil over­
lying 119 cm of Hagener soil and aerated with a 0.2/o 
oxygen gas mixture lateriilly through the vertical columns 4 
Displacing solutions used for these soil columns contain­
ed 1000 mg/l of sucrose-carbon for columns C and D, 1000 
mg/l of nitrate-nitrogen for B, C, and D, 100 mg/l of 
nitrate-nitrogen for A and 1000 mg/l of chloride for all 
four of the columns. A ponded water depth of 2 cm main­
tained at the surface and a water pressure head of zero 
maintained at the base for columns A, B, C, and D result­
ed in average water flow velocities of 0.39, 0.^4, 0.21, 
and 0.37 cm/hr, respectively. Average gas flow rates for 
A, B, C, and D were 133, 155, 213, and 175 cm3/hr, res­
pectively. 
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Figure 28. Profiles of the distribution of hydraulic gradient with 
soil depth showing changes in hydraulic gradient incur­
red during miscible displacement of one-liter aqueous 
solutions downward through four two-layer soil columns 
—A, B, C, and D—comprised of 19 cm of Edina soil 
overlying 119 cm of Hagener soil and aerated with a 
0.2^ oxygen gas mixture laterally through the vertical 
colinins. Displacing solutions used for these soil col­
umns contained 1000 mg/l of sucrose-carbon for columns 
C and D, 1000 mg/l of nitrate-nitrogen for B, C, and D, 
100 mg/l of nitrate-nitrogen for A and 1000 mg/l of 
chloride for all four of the columns. A ponded water 
depth of 2 cm maintained at the surface and a water 
pressure head of zero maintained at the base for columns 
A, B, C, and D resulted in average water flow velocities 
of 0.39, 0.34, 0.21, and 0.37 cm/hr, respectively. Av­
erage gas flow rates for A, B, C, and D were 133. 155, 
213 and 175 cm^/hr, respectively. 
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The hydraulic gradient profiles for the Hagener layer were essentially 
straight lines for most of the columns with the exception of a change 
in slope of the profile above a soil depth of about 25 cm. The negative 
hydraulic gradients in the Hagener shows that in the Hagener layer the 
influence of the gravity driving force dominates the influence of water 
pressure head in the whole soil column. The uppermost measured point on 
the hydraulic gradient profile is a positive value in the Edina layer that 
could imply a greater effect of water pressure than of gravity upon 
flow in the Edina. 
In the Edina at about 10 cm depth, there was observed a slightly 
negative gradient for each of the four columns. This implies a greater 
effect of gravity than of water pressure upon flow. The negative 
gradient was not expected. Its existance is explained as due to soil 
stratification. When there is a negative value observed for a hydraulic 
gradient at a certain depth in a column of soil we may assume that there 
is negative pressure above this point or that there is a- layer of low 
hydraulic conductivity above the point in which layer there may be a 
positive water pressure. Observance of negative and positive water 
in a soil column indicates stratification. The Edina layer was puddled 
by stirring the upper 10 cm with a rod while the soil was saturated, 
and the resulting effect was to create a flow system closer to a three-
layer system than a two-layer system. 
Results and Discussion for Experiment 3 
Tables 9 and 10 show physical characteristics for the soil and 
flow data associated with Experiment 3. Inflow and outflow water 
Table 9. Physical data for soil used in the flow system of Experiment 3 for miscible displacement 
of nitrate and chloride through a two-layer soil column during continuous transport of a 
helium-oxygen gas mixture with 0.2^ o3cygen laterally through the soil 
Upper layer Lower Iziyer 
40/60 Edina-Hagener soil mixture Hagener soil 
Clay content, % 19.7 9.5 
Silt content, ^  19.5 0.5 
Sand content, ^ 6o,8 90.0 
Soil texture sandy loam sand 
Layer thickness, cm 5 88 
Cross section, cm^ 103.9 103.9 
Bulk volume, 1 0.520 9.143 
Bulk density, gm/cm^ l.éo 1.38 
Porosity, ^  39.6 47.8 
Saturated K, cm/hr 
—  — —  
19.55 
Saturated water 
content, cm3/cm3 
— — —  —  
0.364 
Table 10. Flow data associated vïith Experiment 3 for miscible displacement of nitrate and chloride 
(displacing solution contains 0.2^ of a concentrated detergent, Ammy L.O.C.) through a 
two-layer soil column during continuous transport of a helium-oxygen gas mixture with 0,2'jo 
' oxygen laterally through the soil 
0.25^ oxygen 
HINPUT « -15 
^output» HgO -35 
Liquid flux, cm/hr 0.568 
Gas flow rate, ml/hr 44.4 
Chloride-Cg, mg/l 1000 
Nitrate-nitrogen-
Co. mg/l 500 
Volume of solution, 1 0.840 
144 
pressure heads of minus 15 cm and minus 35 cm, respectively, were 
maintained for the two-layer soil column comprised of 5 cm of 40/60 
Edina-Hagener soil mixture overlying 88 cm of Hagener soil. The re­
sulting average liquid flow velocity was 0.568 cm/hr, and the average 
flow rate of 0.2% oxygen gas was 44.4 cm^/hr. 
Figure 29 shows curves of the results of Experiment 3. The area 
under the measured curve for nitrate concentration plotted against the 
volume of liquid effluent shows that 92.75% of the nitrate applied to 
the soil column was recovered in the liquid effluent. The absolute 
nitrate loss was 36.3 mg nitrogen of the initially added 500 rag of 
nitrate-nitrogen. It is not possible to tell if the soil microbes 
used part of this nitrate as an acceptor of electrons for the anaerobic 
oxidation of the biodegradable organic detergent. It can be said that 
the nitrate loss was a result of a combination of the processes, microbial 
assimilation and denitrification. A comparison of the shapes of the 
chloride and nitrate elution cur\'"es shows that the chloride and nitrate 
were displaced through the soil column at velocities that were nearly 
identical. The chloride elution curve was of the same symmetrical 
shape as found by Corey (1966) for a single layer soil column despite 
the presence of the large concentration of organic detergent. 
Plgure 30 shows a separation between three soil water pressure 
head profiles given for times prior to, in the middle and after the 
displacement of a slug of solution containing detergent, nitrate and 
chloride. The separation of the profiles indicates that a water-
desorption process occurred during the displacement. This desorption or 
Figure 29. Chloride and nitrate breakthrough curves for displace­
ment of a one-liter aqueous solution downward through a 
two-layer soil column comprised of 5 cm of a 40/60 
mixture of Edina and Hagener soils overlying 88 cm of 
Hagener soil and aerated with a 0.25^ oxygen gas mixture 
laterally through the vertical column. The displacing 
solution used for this column contained 1000 mg/l of 
chloride, 500 mg/l of nitrate-nitrogen and 0.2# of a 
concentrated detergent solution. Water pressure heads 
of -15 and -35 cm of water maintained at the column 
surface and base, respectively, resulted in an average 
water flow velocity of O.568 cm/hr. The average gas 
flow rate was 44.4 cm^/hr. 
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Figure 30. Profiles of the distribution of water pressure head with 
soil depth shovûng changes in pressure incurred during 
miscible displacement of a one-liter aqueous solution 
downward through a two-layer soil column comprised of 
5 cm of a 40/60 mixture of Edina and Hagener soils over­
lying 88 cm of Hagener soil and aerated with a 0.2^ 
oxygen gas mixture laterally through the vertical column. 
The displacing solution used for this column, contained 
1000 mg/l of chloride, 500 mg/l of nitrate-nitrogen and 
0.2% of a concentrated detergent solution. Water pres­
sure heads of -15 and -35 cm of water maintained at the 
column surface and base, respectively, resulted in an 
average water flow velocity of O.568 cm/hr. The average 
gas flow rate was 44.4 cm-^/hr. 
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drying effect is attributed to a lowering of the soil solution surface 
tension by the detergent. 
Figure 31 shows the drying effect of the last figure in a more 
pronounced way than seen there. 
Figure 32 shows hydraulic gradient profiles for the soil column 
of Experiment 3. Negative gradients in the lower soil layer indicate 
a dominant effect of gravity over water pressure upon the water flow 
in the Hagener soil. The positive hydraulic gradient just above the 
interface between the two soil layers implies a dominant effect of 
water pressure over gravity upon water flow in the 40/60 Edina-Hagener 
layer. The slightly negative hydraulic gradient near the soil surface 
possibly occured as a result of stratification near the surface due to 
packing procedure or more swelling of the soil near the surface 
(Srinilta I967 ). 
Results and Discussion for Experiment 4 
Table 11 presents physical data, mainly for the soils, for 
Experiment 4. The Table also includes data for Experiments 5 and 6. 
Table 12 presents flow data associated with Experiment 4. For Experiment 
4, the saturated hydraulic conductivity of the Hagener layer was 19.55 
cm/hr which is approximately 10 times larger than the conductivity of 
1.94 cm/hr measured for the 60/40 Edina-Hagener layer. With the aid 
of Zaslavsky's (1964) criterion for establishment of water unsaturation 
in a two-layer soil, we csun calculate that if atmospheric pressure were 
maintained as the column outflow water pressure, an inflow water pres­
sure head exceeding plus 90 cm would be required to maintain water-
Figure 31» Profiles of the distribution of soil water content with 
depth showing changes in water content during miscible 
displacement of a one-liter aqueous solution downward 
through a two-layer soil column aerated with 0.2^i oxygen 
gas. 
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Figure 32. Profiles of the distribution of hydraulic head with 
soil depth showing changes in hydraulic gradient incur­
red during miscible displacement of a one-liter aqueous 
solution downward through a two-layer soil column com­
prised of 5 cm of a ko I Go mixture of Edina and Hagener 
soils overlying 88 cm of Hagener soil and aerated with a 
0.2% oxygen gas mixture laterally through the vertical 
column. The displacing solution used for this column 
contiiined 1000 mg/l of chloride, 500 mg/l of nitrate-
nitrogen and 0.2$ of a concentrated detergent solution. 
Water pressure heads of -15 and -35 cm of water main­
tained at the column surface and base, respectively, 
resulted in an average water flow velocity of O.568 
cm/hr. The average gas flow rate was 44.4 cm^/hr. 
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Table 11. Physical data for soil used in the flow system of Experiments 4, 5, and 6 for miscible 
displacement of combinations of nitrate, chloride, and L.A.S. through two-layer soil 
columns—A, B, C, and D—during continuous transport of helium-oxygen gas mixtures with 
0.2, 5. and 20^ oxygen laterally through the soil 
Upper layer Lower layer 
60/40 Edina-Hagener soil mixture Hagener soil 
A  B  C  D  A  B C D  
Clay content, ^  24.8 24.8 24.8 24.8 9.5 9.5 9.5 9.5 
Silt content, ^ 29.0 29.0 29.0 29.0 0.5 0.5 0.5 0.5 
Sand content, ^  46.2 46.2 46.2 46.2 90.0 90.0 90.0 90.0 
Soil texture loam loam loam loam sand sand sand sand 
Mass absorption coefficient 
for gîimraa rays, cm^/gm 0.0728 0.0728 0.0728 0.0728 0.0737 0.0737 0.0737 0.0737 
Layer thiclcness, cm 10 10 10 10 83 83 83 83 
Cross section, cm^ 103.9 103.9 103.9 103.9 103.9 103.9 103.9 103.9 
Bulk volume, 1 1.039 1.039 1.039 1.039 8.624 8.624 8.624 8.624 
Bulk density, gra/cm3 1.43 1.41 1.44 1.44 1.66 1.64 1.65 1.66 
Porosity, % 45.9 46.8 45.6 45.6 37.4 38.1 37.7 37.4 
Saturated K, cm/hr 1.94 1.94 1.94 1.94 19.55 19.55 19.55 19.55 
Saturated water content 
cm-^/cm3 .410 .410 .410 .410 .364 .364 .364 . 364 
1 
Table 12. Flow data associated i\rith Experiment 4 for miscible displacement of nitrate and chloride 
through vertical two-layer soil columns—A, B, C, and D—during continuous transport of 
helium-oxygen gas mixtures vrith 0.2, 5, and 20^ oxygen laterally through the soil 
0.2# oxygen 5% oxygen 20# oxygen 
A B c D A B c D A B C D 
^input» H2O -20 -20 . -20 -20 -20 -20 -20 -20 -20 -20 -20 -20 
^output^2® -20 -20 . -20 -20 -20 -20 -20 -20 -20 -20 -20 -20 
Liquid flux, cm/hr 0.130 0.287 0.266 0.186 0.081 0.201 0.178 0.164 0.101 0.169 0.112 0.164 
Gas flow rate, 
ml/hr 
142 178 211 200 325 251 359 189 272 292 349 268 
Pore volume, 1 2.28 2.43 2.33 2.43 2.14 2.28 2.22 2.38 2.33 2.19 2.07 2.39 
Chloride-C^, mg/l 500 500 500 500 500 500 500 500 500 500 500 500 
Nitrate-nitrogen-
Cq, mg/l 
500 500 500 500 500 500 500 500 500 500 500 500 
iN.B.S. in 
solution, mg/l 
4 4 4 4 4 4 4 4 4 4 4 4 
Sucrose-carbon 
in solution, mg/l 
105 105 105 105 105 105 105 105 105 105 105 105 
Volume of 
solution, 1 
1 1 1 1 1 1 1 1 1 1 1 1 
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saturation over the entire two-layer soil column. In Experiment 4 
inflow and outflow water pressure heads were minus 20 cm of water. 
In a single-layer soil column, establishment of equal negative inflow and 
outflow water pressure heads would result in water flow under the in­
fluence of the gravity driving force; however, in two-layer columns the 
influence of water pressure as well as the effect of gravity are both 
important to steady water flow. Application of a negative inflow water 
pressure head was primarily for the purpose of maintaining a slow liquid 
flow velocity while maintaining a high degree of water-unsaturation in 
the soil columns. Use of a negative outflow water pressure head also 
helped to produce similar effects by placing the phreatic surface below 
the base of the soil columns. 
Figure 33 presents water content-pressure characteristic curves 
for the Hagener and the 60/40 Edina-Hagener soils. For water pressure 
heads less than minus 40 cm of water the Hagener soil drained quite 
rapidly as the pressure decreased, but the Edina-Hagener soil drained 
only gradually for water pressure heads of values less than minus 65 cm 
of water. 
Aerating Gas; 0.2^ Oxygen 
Average liquid flow velocities of Experiment 4 seen in the last 
table are 0.130, 0.287, 0.266 and 0.186 cm/hr, respectively, for soil 
columns A, B, C and D for soil aerated with 0.2^ oxygen gas. Average 
flow rates for the 0.2^ oxygen gas were 142, 178, 211 and 200 ml/hr, 
respectively, which resulted in oxygen flow rates of 0.284, 0.356, 0.422 
and 0,400 ml/hr for the columns A, B, C and D. 
Figure 33. Water pressure-content characteristic curves for 
Hagener soil and a 60/40 mixture of Edina and Hagener 
soils 
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Figure 34 show elution or brealcthrough curves for nitrate concentra­
tion plotted against volume of liquid effluent. There was recovered in 
the liquid effluent 64.79^, 81.59^, 81.93$ and 79.2?^, respectively, 
of the nitrate applied to soil columns A, B, C and D. Absolute nitrate 
losses of the 500 rag of nitrate-nitrogen initially applied to columns 
A, B, C and D were I76, 92, 90.4 and 103.5 mg, respectively. The large 
nitrate loss for column A relative to the other three columns probably 
resulted from much longer contact time between the microbes and the 
nitrate caused by the slower liquid flow velocity which was less than 
one-half of the flow velocities for columns B and C plus the lower 
oxygen flow rate through column A. The slightly greater nitrate loss 
for column D over the losses for columns B and C probably resulted from a 
liquid flow velocity of slightly less magnitude. Based upon previous 
data by Corey (I966, pp. 66-100) for a single layer soil column, the 
chloride elution curves for all four of these two-layer soil columns 
have the shapes expected because of pore-water velocity distribution 
and ionic diffusion. The shapes of chloride curves for columns B and C 
are almost identical, but chloride curves for columns A and D are slightly 
narrower and have taller peaks than those curves for columns B and C. 
Figure 35 presents profiles for the water pressure heads of 
Experiment 4. The profiles are for times before, during and after 
displacement of a solution of nitrate, chloride, A.B.S. and sucrose 
through each two-layer soil column. Separation between the three water 
pressure profiles recorded for each column shows that a definite water-
desorption or drying effect occurred upon addition of the displacing 
Figure 34. Chloride and nitrate breakthrough curves for displace­
ment of one-liter aqueous solutions downward through 
four two-layer soil columns—A, B, C, and D—comprised 
of 10 cm of a 60/40 mixture of Edina and Hagener soils 
overlying 83 cm of Hagener soil and aerated with a 
0.2^ oxygen gas mixture laterally through the vertical 
columns. Displacing solutions used for these soil col­
umns contained _$00 mg/l of chloride, 500 mg/l of nitrate-
nitrogen, 105 mg/l of sucrose-carbon, and four mg/l of 
A.B.S. surfactant. A water pressure head of -20 cm of 
water maintained at both the column surfcice and base 
for columns A, B, C, and D resulted in average water 
flow velocities of O.13O, 0.28?, 0.266, and 0.186 cm/hr, 
respectively. Average gas flow rates for A, B, C, and D 
were 142, I78, 211, and 200 cm3/hr, respectively. 
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Figure 35. Profiles of the distribution of water pressure head 
with soil depth shovring changes in pressure incurred 
during miscible displacement of one-liter aqueous solu­
tions downward through four two-layer soil columns—A, 
B, C, D—comprised of 10 cm of a 60/40 mixture of Edina 
and Hagener soils overlying 83 cm of Hagener soil and 
aerated with a 0.2$ oxygen gas mixture laterally through 
the vertical coliimns. Displacing solutions used for 
these soil columns contained 500 mg/l of chloride, 500 
mg/l of nitrate-nitrogen, 105 mg/l of sucrose-carbon, 
and four mg/l of A.B.S. surfactant. A water pressure 
head of -20 cm of water maintained at both the column 
surface and base for columns A, B, C, and D resulted 
in average water flow velocities of 0.130, 0.287, 0.266, 
and 0.186 cm/hr, respectively. Average gas flow rates 
for A, B, C, and D were 142, 178, 211, and 200 cm3/hr, 
respectively. 
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solution to the soil. Much of the desorption is probably due to the 
lowered solution surface tension resulting from the presence of A.B.S. 
surfactant. The desorption effect was greater for soil column A than 
for columns B, C and D which possibly resulted from the coupling of the 
surface tension effect with an increased microbial activity due to longer 
contact line caused by the slower flow velocity. The longer contact 
time for microbial activity in column A probably caused decreased 
capillary conductivities in the upper soil layer. 
Figure 36 presents water content profiles corresponding to the 
pressure head profiles of Figure 35- Figure 36 shows that the desorption 
effect of Figure 35 was limited to the Hagener soil layer. However, the 
lower ten centimeters of the Hagener remained water-saturated during the 
displacement. 
Figure 37 presents hydraulic gradient profiles for the situations 
of Figures 35 and 36. The gradient profile in the Edina-Hagener soil 
intersects the vertical line for zero hydraulic gradient. Since zero 
hydraulic gradient implies that no flow occurred in the upper layer 
and since net liquid flow velocities were observed for all the columns, 
the occurrence of a zero hydraulic gradient produces an obvious dis­
crepancy in the flow regime for the Edina-Hagener soil. However, this 
discrepancy does not actually exist since the zero hydraulic gradient 
actually implies that layering, possibly during packing of the soil 
into the column has occurred in between the negative and positive 
points which have been connected in Figure 37 by a straight line. Since 
at the interface, a discontinuity occurs in the profile of hydraulic 
Figure 36. Profiles of soil water content expressed as percentage 
saturation showing changes in water content incurred 
during miscible displacement of one-liter aqueous solu­
tions downward through four two-layer soil columns— 
A, B, C, and D—comprised of 10 cm of a 60/40 mixture 
of Edina and Hagener soils overlying 83 cm of Hagener 
soil and aerated with a 0.2# oxygen gas mixture laterally 
through the vertical columns. Displacing solutions used 
for these soil columns contained ^00 mg/l of chloride, 
500 mg/l of nitrate-nitrogen, 105 mg/l of sucrose-carbon, 
and four mg/l of A.B.S. surfactant. A water pressure 
head of -20 cm of sater maintained at both the column 
surface and base for columns A, B, C, and D resulted in 
average water flow velocities of 0.130, 0.287, 0.266, 
and 0.186 cm/hr, respectively. Average gas flow rates 
for A, B, C, and D were 142, I78, 211, and 200 cm^/hr, 
respectively. 
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Figure 37. Profiles of the distribution of hydraulic gradient with 
soil depth showing changes in hydraulic gradient incur­
red during miscible displacement of one-liter aqueous 
solutions downward through four two-layer soil columns— 
A, B, C, and D—comprised of 10 cm of a 60/40 mixture of 
Edina and Hagener soils overlying 83 cm of Hagener soil 
and aerated with a 0.2# oxygen gas mixture laterally 
through the vertical columns. Displacing solutions 
used for these soil columns contained $00 mg/l of chlo­
ride, 500 mg/l of nitrate-nitrogen, 105 mg/l of sucrose-
carbon and four mg/l of A.B.S. surfactant. A water 
pressure head of -20 cm of water maintained at both the 
column surface and base for columns A, B, C, and D re­
sulted in average water flow velocities of 0.130, 0.287, 
0.266, and 0.186 cm/hr, respectively. Average gas flow 
rates for A, B, C, and D were 142, I78, 211, and 200 
cm3/hr, respectively. 
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gradient, we may not correctly connect these points with any type line. 
Thus, the discrepancy of zero flow velocity through the Edina-Hagener 
layer did not exist in actuality. Large positive hydraulic gradients in 
the immediate vicinity of the column surface and of the interface be­
tween Edina-Hagener and Hagener soils indicated a large dominant effect 
of the water pressure driving force upon water flow through the soil 
surface and through the interface between the upper and lower layers. 
Water flow was very definitely restricted at those two locations. The 
hydraulic gradient profile in the Hagener layer for soil columns A, B, 
C and D shows that the gradient decreased gradually with increasing 
soil depth in an almost linear fashion, except for the bottom 5 cm or 
so where the hydraulic gradient increased slightly with increasing soil 
depth. The negative hydraulic gradients in the Hagener layer imply 
that the influence of gravity upon liquid flow exceeded the effect of 
water pressure. 
Aerating Gas; 5^ Oxygen 
Average liquid flow velocities for 5^ oxygen of Experiment 4 may 
be seen in in Table 12 presented earlier. Values of 0i08l, 0.201, 
0.178 and 0.164 cm/hr, respectively, were observed for soil columns 
A, B, C and D. The liquid flow velocities when the aerating gas was 
5^ oxygen were less than the velocities observed when the aerating gas 
was 0.2$ oxygen possibly due to the increased microbial activity 
during aerobic oxidation of sucrose and A.B.S. Average flow^rates for 
the 5^ oxygen gas were 325, 251, 359 and I89 ml/hr, respectively, which 
resulted in oxygen flow rates of 16.25, 12.55, 17.95 and 9.45 ml/hr for 
loi 
columns A, B, C and D. 
Figure 38 shows the élution curves for nitrate and chloride. The 
areas under the measured curves for nitrate elution show that 83.^5^ 
79.2^^, 76.11^ and 77.respectively, of the nitrate applied to soil 
columns A, B, C and D were recovered in the liquid effluent. Absolute 
nitrate losses of the 5OO mg of nitrate-nitrogen initially applied to 
columns A, B, C and D were 82.7 mg, 103.8 mg, 119.5 wg and 112.8 mg, 
respectively. The nitrate loss for column A was only about one half 
of the corresponding loss when the soil was aerated with 0.2# oxygen. 
At least part of the decrease in the nitrate loss with increasing oxygen 
concentration of the aerating gas is attributable to a decrease in 
microbial use of nitrate as an electron acceptor for oxidation of sucrose 
and organic A.B.S. Nitrate losses for columns B, C and D aerated with 
5^ oxygen were larger than the nitrate loss from column A aerated with 
5^ oxygen. Since nitrate loss in these soils could have occurred'by 
microbial assimilation coupled with derâtrification, it is difficult to 
explain this phenomenon because about 22 days were required to displace 
the nitrate through column A as opposed to only 8 days through columns 
B and C and as opposed to 12 days through column D. Nitrate losses for 
columns B, C.and D aerated with % oxygen were also slightly greater than 
the corresponding losses when 0.2# oxygen was the aerating gas. Chloride 
elution curves for columns A, B and D have the shapes expected (Corey 
1966, pp. 66-100) because of pore-water velocity distribution and ionic 
diffusion; however, the elution curve of chloride for column C is un-
symmetrical which probably is a result of increased microbiological 
Figure 38. Chloride and nitrate breakthrough curves for displace­
ment of one-liter aqueous solutions downward through 
four two-layer soil columns—A, B, C, and D—comprised 
of 10 cm of a 60/40 mixture of Edina and Hagener soils 
overlying 83 cm of Hagener soil and aerated VTith a 5% 
oxygen gas mixture laterally through the vertical columns. 
Displacing solutions used for these soil columns contain­
ed 500 mg/l of chloride, 500 mg/l of nitrate-nitrogen, 
105 mg/l of sucrose-carbon, and four mg/l of A.B.S. sur­
factant. A water pressure head of -20 cm of water main­
tained at both the column surface and base for columns 
A, B, C, and D resulted in average water flow velocities 
of 0.081, 0.201, 0.178 and 0.164 cm/hr, respectively. 
Average gas flow rates for A, B, C, and D were 325, 251, 
359 and I89 cm^/hr, respectively. 
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activity as the nitrate, chloride, A.B.S. and sucrose were displaced 
through the soil. As in the previous case of aeration with 0.2^ oxygen, 
the chloride elution curve for column A aerated with 5^ oxygen is slightly 
taller and narrower than the curves for the other soil columns. 
Figures 39 and 40 present water pressure head profiles and water 
content profiles for times representing the periods before, during and 
after displacement of a solution of nitrate, chloride, A.B.S. and sucrose 
through soil columns A, B, C and D. Separation between these three 
curves show a water-desorption effect in all four of the soil columns 
which is probably attributable to the lowering of solution surface tension 
resulting from the presence of A.B.S. surfactant. The water pressure 
profiles for columns A and D show that following the desorption effect 
the soil water pressure heads increased during a sorption process. The 
sorption process possibly occurred in connection with increased surface 
tension due to the biological degradation of the A.B.S. surfactant in 
columns A and D during the long retention times of about 22 and 12 days, 
respectively, in the soil. Since the retention times were only about 
8 days for columns B and C, the degradation of A.B.S. was not enough to 
lower the soil solution surface tension. Despite the changes in the 
water content profiles for each column, the Edina-Hagener layer remained 
water-saturated throughout the miscible displacements. 
Figure 4l presents hydraulic gradients corresponding to the water 
pressure head profiles. As previously observed and discussed for the 
case when 0.2^ oxygen was the aerating gas, the apparent discrepancy of 
zero hydraulic gradient in the Edina-Hagener soil layer can be explained 
Figure 39. Profiles of the distribution of water pressure head with 
soil depth shovTing changes in pressure incurred during 
miscible displacement of one-liter aqueous solutions 
downward through four two-layer soil columns—A, B, C, 
and D—comprised of 10 cm of a 60/40 mixture of Edina 
and Hagener soils overlying 83 cm of Hagener soil and 
aerated with a 5^ oxygen gas mixture laterally through 
the vertical columns. Displacing solutions used for 
these soil columns contained ^00 mg/l of chloride, 500 
mg/l of nitrate-nitrogen, 105 mg/l of sucrose-carbon, 
and four mg/l of A.B.S. surfactant. A water pressure 
head of -20 era of water maintained at both the column 
surface and base for columns A, B, C, and D resulted 
in average water flow velocities of 0.081, 0.201, 0.178 
and 0.164 cm/hr, respectively. Average gas flow rates 
for A, B, C, and D were 325, 251, 359 189, respec­
tively. 
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Figure 40. Profiles of soil water content expressed as percentage 
saturation showing changes in water content incurred 
during miscible displacement of one-liter aqueous solutions 
downward through four two-layer soil columns—A, B, C, and 
D—comprised of 10 cm of a 60/40 mixture of Edina and 
Hagener soils overlying 83 cm of Hagener soil and aerated 
vri.th a 5/^ oxygen gas mixture laterally through the ver­
tical columns. Displacing solutions used for these soil 
columns contained 500 mg/l of chloride, 500 mg/l of nitrate-
nitrogen, 105 mg/l of sucrose-carbon, and four mg/l of 
A.B.S. surfactant, h water pressure head of -20 cm of 
water maintiiined at both the column surface and base for 
columns A, B, C, and D resulted in average water flow 
velocities of 0,081, 0.201, O.I78 and 0.l64 cm/hr, res­
pectively. Average gas flow rates for A, B, C, and D 
were 325. 251, 359 ajtid 189 crn^/hr, respectively 
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Figure 41. Profiles of the distribution of hydraulic gradient with 
soil depth showing changes in hydraulic gradient incur­
red during miscible displacement of one-liter aqueous 
solutions downward through four two-layer soil columns— 
A, B, C, and D—comprised of 10 cm of a 60/40 mixture of 
Edina and Kagener soils overlying 83 cm of Hagéner soil 
and aerated with a 5/» ozygen gas mixture laterally through 
the vertical columns. Displacing solutions used for 
these soil columns contained 500 mg/l of chloride, 500 
mg/l of nitrate-nitrogen, 105 mg/l of sucrose-carbon, 
and four mg/l of A.B.S. surfactant. I\ water pressure 
head of -20 cm of water maintained at both the column 
surface and base for columns A, B, C, and D resulted in 
average water flow velocities of 0.081, 0.201, 0.178 and 
0.l64 cm/hr, respectively. Average gas flow rates for 
A, B, C, and D were 325, 251, 359 and 189 cm^/hr, res­
pectively. 
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by a stratification of the soil in the upper portion of this soil. 
Large positive hydraulic gradients were observed in the vicinity of the 
column surface and the interface between the Edina-Hagener and Hagener 
soils. Hydraulic gradient profiles in the Hagener layer were similar 
in shape to the corresponding profiles previously discussed for the case 
of aeration with 0.2^ oxygen. Again, the negative hydraulic gradients 
imply the dominance of the gravity driving force upon water flow in 
the Hagener layer. 
Aerating Gas; 20^ Oxygen 
Average liquid flow velocities (see Table 12) of 0.101, 0.169, 0.112 
and 0.164 cm/hr, respectively, were observed for soil columns A, B, C 
and D when the soil was aerated tfith 20^ oxygen gas. These velocities 
were less than the velocities observed when the aerating gas was 0.2/o or 
5/0 oxygen gas, probably attributable to the increased microbial activity 
as a result of aerobic oxidation of sucrose and A.B.S. Average flow 
rates for the 20^ oxygen gas were 272, 292, 349 and 268 ml/hr, respectively 
which resulted in oxygen flow rates of ^4.4, 58.4, 69.8 and 53.6 ml/hr for 
columns A, B, C and D. 
Figure 42 presents elution curves of nitrate and chloride. The 
areas enclosed beneath the measured curves for nitrate concentration 
plotted against volume of liquid effluent show that 79.30^, 84.93^, 79.02# 
and 81.22$, respectively of the nitrate applied to soil columns A, B, C 
and D were recovered in the liquid effluent. Absolute nitrate losses 
of the 500 rag of nitrate-nitrogen initially applied to soil columns 
A, B, C and D were 103.5 ®igf 75.^ mg, 104.9 wg and 93.9 mg, respectively. 
Figure 42. Chloride and nitrate breakthrough curves for displacement 
of one-liter aqueous solutions doX'jnward through four two-
layer soil columns—A, B, C, and D—comprised of 10 cm of 
a 60/40 mixture of Edina and Kagener soils overlying 83 
cm of Hagener soil and aerated with a 20^ oxygen gas 
mixture laterally through the vertical columns. Displac­
ing solutions used for these soil columns contained 500 
mg/l of chloride, 500 mg/l of nitrate-nitrogen, 105 mg/l 
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water pressure head of -20 cm of water maintained at both 
the surface and base of columns A, B, C, and D resulted 
in average water flow velocities of 0.101, O.I69, 0.112, 
and 0.164 cm/hr, respectively. Average gas flow rates 
for A, B, C, and D were 272, 292, 3^9 and 268 cm^/hr, 
respectively. 
RELATIVE CONCENTRATION. C/Co 
p o p p 
N  ^ 01 03 
RELATIVE CONCENTRATION. C/Co 
P O p p 
RELATIVE CONCENTRATION. C/Co 
P o p p 
to -N o> o> 
RELATIVE CONCENTRATION, C/Co 
P p P p i\) 01 m 
rv)< < 
ON 
169 
The loss for column A was intermediate in value between the corres­
ponding losses when 0.2^ and 5/° oxygen gases were used as aerating 
gases. It interesting to note that the liquid flow velocity for column A 
aerated with 20^ oxygen was also intermediate in value between the flow 
velocities when aeration, gases were 0.2^ and Nitrate losses for 
columns B and D aerated mth 20^ oxygen were less than losses when either 
0.2$o or 5^ oxygen were used as aeration gases. The nitrate loss for 
column C aerated viith 20^ oxygen was slightly greater than the loss when 
aerated vri.th 0.2^ oxygen but slightly less than the loss observed when 
aerated vrith Jja oxygen. The result from soil column C was partially 
due to the decreased liquid flow velocity which was less than one-half 
of that when the column was aerated with 0.2^ oxygen. The chloride elution 
curves for all four of the soil columns were observed to be slightly 
•unsymmetrical which indicates that the microbial activity changed during 
the displacement of chloride, nitrate, A.B.S. and sucrose through the 
soil. Figure 43 presents profiles of soil water pressure head taken at 
times before, during and after displacement of a solution of nitrate, 
chloride, A.B.S. and sucrose through each two-layer soil column. 
Separation between these three water pressure profiles for each column 
shows that a water-desorption process occurred upon additions of the 
displacing solution to the soil. This desorption occurred at least 
partially as a result of lowering of soil solution surface tension by 
the presence of A.B.S. surfactant. For columns A,' C and D the desorption 
process was followed by a water-sorption or wetting process. Since the 
retention time for the displacing solution was approximately 15, 12 and 
Figure 43. Profiles of the distribution of water pressure head with 
soil depth showing changes in pressure incurred during 
miscible displacement of one-liter aqueous solutions 
downward through four two-layer soil columns—A, B, C, 
and D—comprised of 10 cm of a 60/40 mixture of Edina 
and Hagener soils overlying 83 cm of Hagener soil and 
aerated with a 20^ oxygen gas mixture laterally through 
the vertical columns. Displacing solutions used for 
these soil columns contained 500 mg/l of chloride, 500 
mg/l of nitrate-nitrogen, 105 mg/l of sucrose-carbon and 
four mg/l of A.B.S. surfactant. A water pressure head 
of -20 cm of water maintained at both the surface and 
base of columns A, B, C, and D resulted in average water 
flow velocities of 0.101, O.I69, 0.112, and 0.l64 cm/hr, 
respectively. Average gas flow rates for A, B, C, and D 
were 272, 292, 3^9, and 268 cm^/hr, respectively. 
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9 days for soil columns A, C and D versus 8 days for column B the sorption 
process probably resulted from an increase in solution surface tension 
caused by microbiological degradation of the A.B.S. surfactant. 
Figure 44 shows the profiles of soil water content. The profiles 
give an even more vivid picture of the desorption and sorption effects. 
Despite the changes in the water content profiles for each column, the 
Edina-Hagener soil and the lower 10 cm or so of the Hagener layer re­
mained water-saturated throughout the miscible displacements. 
Figure 45 presents profiles of hydraulic gradients corresponding to 
the water pressure head profiles. As previously observed for the cases 
of soil aeration with 0.2^ and % oxygen the apparent discrepancy of 
zero hydraulic gradient in the Edina-Hagener soil layer is explainable 
by a stratification of the' soil in the upper portion of this layer. Large 
positive hydraulic gradients observed in the vicinity of the column sur­
face and of the interface between the Edina-Hagener and Hagener layers 
indicate large resistances to flow through the surface and the interface. 
In the Hagener layer the hydraulic gradient profiles were similar in 
shape to the corresponding profiles previously discussed when the soil 
was aerated with 0.2^ and % oxygen gas. The negative values for hy­
draulic gradient in the Hagener layer also imply that the effect of the 
gravity driving force upon water flow exceeded the effect of the water 
pressure head driving force. 
Resume of Experiment 4 
Figure 46 shows a plot of average losses with time of nitrate for the 
four soil columns when aerated x^ith 0.2^1, 5^ and 20^ oxygen. This average 
Figure 44. Profiles of soil water content expressed as percentage 
saturation showing changes in water content incurred 
during miscible displacement of one-liter aqueous solu­
tions doximward through four two-layer soil columns—A, 
B, C, and D—comprised of 10 cm of a 60/40 mixture of 
Edina and Hagener soils overlying 83 cm of Hagener soil 
and aerated with a 20^ oxygen gas mixture laterally 
through the vertical columns. Displacing solutions used 
for these soil columns contained 500 mg/l of chloride, 
• 500 mg/l of nitrate-nitrogen, 105 mg/l of sucrose-carbon 
and four mg/l of A.B.S. surfactant. A water pressure 
head of -20 cm of water maintained at both the surface 
and base of columns A, B, C, and D resulted in average 
water flow velocities of 0.101, O.169, 0.112, and 0.l64 
cm/hr, respectively. Average gas flow rates for A, B, 
C, and D were 272, 292, 3^9 and 268 cm^/hr, respectively. 
172b 
SOIL WATER CONTENT (% SATURATION) 
.0 20 40 60 80 100 
i I 
EOINA-HAGENER 
COLUMN A 
"input 
"oufpuT-:^  
O.IOIr" 
HAGENES 
1.66 
SYMBOL V EFFLUENT 
o 0 days 0 cm' 
4 5.751 days 1574 cm® 
D IS.527days 3702 cm' 
SOIL V.'ATER 20 CONTENT (% SATURATION) 40 60 80 
100 
k i 
EOm-HAGENER 
COLUMN B 
0.169™ 
uppor 
HAGENEA 
lowor 
SYMBOL JL V EFFLUENT 
e 0 days 0 cm' 
& 2£47days 1314 cm' 
0 8.557days 3834 cm' 
100 
2 0 -
I 40 
a 
HI o 
SOIL WATER CONTENT (% SATURATION) 
20 40 60 60 100 
; I I [ t— 
EOINA-HAGENER 
COLUMN C 
«-0.112=  ^ T| 
.HAGENER 
GO-
GO-
lOOL 
lower 
SYMBOL 
-165 
y EFFLUENT 
o Odays 0 cm' 
A 4.57Sdcy» 1422 cm' 
B 12.759 day» 36G0cm' 
SOIL WATER CONTENT (% SATURATION) 
20 40 60 SO 100 T 
c. 
w a 
EDI,MA 
cot.ur.^ N 0 
"lnp«T-20-0cm 
H -*•-20.0cm 
output 
0.164 
V EFFLUENT 
''upper 
.HAGENEft 
^ tower 
6 0 -
8 0 -
lOOL 
SYMBOL _ 
o 0 days 0 cm' 
A 3£69day8 1416cm' 
B 9.6llday» 3739cm' 
Figure 4^. Profiles of the distribution of hydraulic gradient with 
soil depth showing changes in hydraulic gradient incurred 
during miscible displacement of one-liter aqueous solutions 
do'tmward through four two-layer soil columns—A, B, C, and 
D—comprised of 10 cm of a 60/40 mixture of Edina and 
Hagener soils overlying 83 cm of Hagener soil and aerated 
with a 20^ oxygen gas mixture laterally through the ver­
tical columns. Displacing solutions used for these soil 
columns contained 500 mg/l of chloride, 500 mg/l of nitrate-
nitrogen, 105 mg/l of sucrose-carbon and four mg/l of 
A.B.S, surfactant. A water pressure head of -20 cm of water 
maintained at both the surface and base of columns A, B, C, 
and D resulted in average water flow velocities of 0.101, 
0.169, 0.112 and 0.l64 cm/hr, respectively. Average gas 
flow rates for A, B, C, and D were 272, 292, 3^ 9, And 268 
cm^/hr, respectively. 
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Figure 46. Average losses of nitrate during movement through four soil 
columns which were aerated irjith 0.2, 5 and 20^ oxygen gases. 
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losses of the nitrate decrease T>Jith increasing oxygen concentration even 
though the magnitude of response is not as large as would have been 
expected. A closer lock at responses for individual soil columns shows 
that several variables probably contributed to the nitrate losses ob­
served in these two layer columns. Obviously the water-desorption observed 
in the columns resulted in reduced liquid flow velocities with time which 
resulted in longer contact times between the soil microbes and the nitrate 
for the 2C^ and 5/® oxygen aerating gases. Fluctuations in tiie flow rates 
of actual oxygen which resulted from changes in the flow rates of 0.2, 5» 
and 20^ oxygen gases were another source of variation in Experiment 4. 
However one effect which may have greatly reduced the exchange between 
gaseous oxygen and dissolved oxygen was the monolayer of A.B.S. molecules 
at the gas-liquid interfaces. The presence of a monolayer of a surface 
active agent in an air-water interface has been noted by Davies and 
Rideal (I963) to greatly retard the exchange of gases ly increasing the 
interface resistance to diffusion. If such has been the case in Exper­
iment 4, the monolayer of A.B.S. has restricted the movement of gaseous 
oxygen from the % and 20^ oxygen gases to the dissolved state in the 
soil solution which forms the microbe environment. Such a restriction 
to exchange of oxygen across the air-liquid interfaces in the soil would 
have greatly reduced the effectiveness of the oxygen treatments. 
Figure 4? shows profiles of average distribution of soil water 
content with depth for columns A, B, C and D when aerated with 0.2, 5, 
and 20/b oxygen gases. Separation between these profiles shows that 
columns A and D underwent a gradually increased water sorption as 
Figure 4?. Profiles of average distribution of water content vjith 
soil depth for two-layer soil columns—A, B, C, and D— 
in Experiment 4. Water content profiles are given for 
miscible displacement which occurred during aeration 
of the soil columns with 0.2, 5, and 20$ oxygen gas 
mixtures. 
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aeration was increased from 0.2^ to 5^ and then to 20^ oxygen. Soil 
columns B and C underwent a gradual desorption process during the same 
time span. 
Figure 48 shows average hydraulic gradient profiles for the soil 
columns when aerated with 0.2, 5» and 20^ oxygen gas. The profiles 
corresponding to 0.2, 5» and 20^ oxygen in each of the four subfigures 
of Figure 48 fall on top of each other showing that the oxygen did not 
influence hydraulic gradient in the Hagener layer. The hydraulic 
gradient in the vicinity of the soil surface increased with time for all 
soil columns which indicated a reduction in the capillary conductivity 
of the surface due to microbiological activity. 
Results and Discussion for Experiment 5 
Upon completion of Experiment 4 two-layer soil columns were used 
as flow systems for Experiment 5. Flow data associated with Experiment 5 
during displacement of 1-liter aqueous solutions of nitrate, chloride 
and sucrose through columns C and D and chloride and L.A.S, through 
columns A and B has already been presented in Table 12. Table 11 presents 
physical data. Inflow water pressure heads were maintained at minus 
20 cm of water for columns B and D and 0 cm of water for columns A and 
C; and outflow water pressure heads were maintained at minus 20 cm of 
water for all four columns of soil. 
Aerating Gas; 0.2^ Oxygen 
Table 13 shows the flow data associated with Experiment 5. The 
average liquid flow velocities incurred when the soil columns were 
Figure 48. Profiles of the average distribution of hydraulic 
gradient with soil depth for two-layer soil columns 
—A, B, C, and D—in Experiment 4. Hydraulic grad­
ient profiles are given for miscible displacement 
which occurred during aeration of the soil columns 
with 0.2, 5» and 20^ oxygen gas mixtures. 
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Table 13. Flou data associated with Experiment 5 for miscible displacement of nitrate, chloride and 
L.A.S. through vertical two-layer soil columns—A, B, C, and D-~during continuous trans­
port of helium-oxygen gas mixtures \<rxth 0.2, 5. ^md 20^ oxygen laterally through the soil 
0.2^ oxygen 5$ oxygen 20^ oxygen 
A B c D A B c D A B c D 
^input' ^2® 0 -20 0 -20 0 -20 0 -20 0 -20 0 -20 
^output; of HgO -20 -20 -20 -20 -20 -20 -20 -20 -20 -20 -20 -20 
Liquid flux, cm/hr 0.128 0.119 0.138 0.110 0.134 0.105 0.131 0.129 0.124 0.097 0.135 0.092 
Gas flow rate, 
ml/hr 312 269 302 292 341 296 322 342 316 321 321 246 
Pore volume, 1 2.66 2.15 2.58 2.23 2.78 1.98 2.43 2.36 2.79 1.98 2.57 2.09 
Chloride-Co, mg/l 500 500 500 500 500 500 500 500 500 500 500 500 
Nitrate-nitrogen-
Co, mg/l 500 500 500 500 500 500 500 500 500 500 500 500 
L./i.S.-Cq, mg/l 46.5 46.5 0 0 46.5 46.5 0 0 46.5 46.5 0 0 
Sucrose-carbon 
in solution, mg/l 0 0 105 105 0 0 105 105 0 0 105 105 
Volume of 
solution, 1 1 1 1 1 1 1 1 1 1 1 1 1 
Figure 49. Breakthrough curves for displacement of one-liter aqueous 
solutions of chloride and L.A.S surfactant dox-rnward through 
two-layer soil columns A £ind B and solutions of chloride 
and nitrate dotvnward through two-lciyer columns C and D. 
Each of the soil coluinns was comprised of 10 cm of a 
60/40 mixture of Edina and Hagener soils overlying 83 cm 
of Hagener soil and was aerated tjith a 0.2^ oxygen gas 
mixture laterally through the vertical coluimas. Dis­
placing solutions for columns A and B contained 5OO mg/l 
of chloride and 46.5 mg/l of L.A.S. surfactant; whereas, 
displacing solutions for columns C and D contained 5OO 
mg/l of chloride, 5OO mg/l of nitrate-nitrogen and 105 
mg/l of sucrose-carbon. A water pressure head of -20 cm 
of water maintained at both the surface and base of 
columns B and D resulted in average water flow velocities 
of 0.119 and 0.110 cm/hr, respectively. A zero water 
pressure head maintained at the surface and a pressure 
head of -20 cm of water maintained at the base of col­
umns A and C resulted in average water flow velocities 
of 0.128 and 0.133 cm/hr, respectively. Average gas 
flow rates for A, B, C, and D were 312, 269, 302, and 
292 cm3/hr, respectively. 
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Figure 50. Profiles of soil water content expressed as percentage 
saturation showing changes in water content incurred 
during displacement of one-liter aqueous solution of 
chloride and L.A.S. surfactant downward through two-
layer Soil columns A and B and solutions of chloride 
and nitrate downward through two-layer columns C and D. 
Each of the soil columns was comprised of 10 cm of a 
60/40 mixture of Edina and Hagener soils overlying 83 cm 
of Hagener soil and was aerated with a 0.2# oxygen gas 
mixture laterally through the vertical columns. Dis­
placing solutions for columns A and B contained 500 mg/l 
of chloride and 46.5 mg/l of L.A.S. surfactant; whereas, 
displacing solutions for columns C and D contained 500 
mg/l of chloride, 500 mg/l of nitrate-nitrogen and 105 
mg/l of sucrose-carbon. A water pressure head of -20 cm 
of water maintained at both the surface and base of 
columns B and D resulted in average water flow velocities 
.of 0.119 and 0.110 cm/hr, respectively. A zero water 
pressure head maintained at the surface and a pressure 
head of -20 cm of water maintained at the base of col­
umns A and C resulted in average water flow velocities 
of 0.128 and 0.138 cm/hr, respectively. Average gas 
flow rates for A, B, C, and D were 312, 269, 302 and 
292 cm3/hr, respectively. 
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aerated with 0.2^ oxygen were 0.123 and 0.138 cm/hr, respectively, for 
A and C and 0.119 and 0.110 cm/hr, respectively, for B and D. Flow rates 
of the 0.2^ oxygen gas were 312, 269, 302 and 292 ml/hr, respectively, 
which resulted in oxygen flow rates of 0.624, 0.538, 0.604 and 0.584 ml/hr 
for soil coliimns A, B, C and D. 
Figure 49 shows the elution curves. The areas measured under the 
surfactant show that 52.61^ and 48.28^, respectively, of the 46.5-mg 
L.A.S. applied to soil columns A and B were recovered in the liquid 
effluent. The absolute losses of L.A.S. for columns A and B were 22.04-mg 
and 24.05-mg. The greater L.A.S. loss for column B may be attributed 
to the longer time of contact between the L.A.S. and the microbes because 
of the smaller liquid flow velocity and the thinner water films (Figure 50) 
Both biological degradation and adsorption by soil particles contributed 
to these losses of L.A.S. and at this point it is difficult to separate 
the influences of each. The chloride elution curve for column A is 
slightly unsyrametrical in shape which suggests some sort of microbial 
change during the displacement of L.A.S. and chloride; however, the 
chloride curve for column B was almost perfectly symmetrical. 
Returning to Figure 49 one may measure the areas under the elution 
curves of nitrate. The areas show that 72.65 and 73.18^, respectively, 
of the 500-mg of nitrate-nitrogen initially added to soil columns C and 
D were recovered in the liquid effluent. The absolute losses of nitrate-
nitrogen for columns C and D were 136.8-mg and 134.1-mg. The nitrate 
losses from these two columns were almost the same although the higher 
degree of water-unsaturation that one may see in Figure 50 and the 
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slower liquid flow velocity for column D provided a longer contact 
time between soil microbes and the sucrose and nitrate. Both microbial 
assimilation and denitrification contributed to these nitrate losses. 
The chloride elution curves for column C and D are of the expected 
shapes (Corey 1966, pp. 66-100) tri.th only slight deviations from 
symmetry. 
Figure 51 shows the profiles of water pressure head. These pro­
files show that maintaining a negative inflow pressure head for columns 
B and D gave decreased water pressures to a soil depth of about 60-cra 
as compared to the water pressure profiles for columns A and C to which 
atmospheric pressure was maintained at the inflow surface. Separation 
of the water pressure profiles taken at times before, during and after 
displacement of the solute-bearing solutions shows that a water-desorp-
tion process occurred during the displacement. The desorption effect 
was most obvious for column D. Separation of the corresponding profiles 
of water content make the observation of the water-desorption even more 
vivid. The water content profiles indicate that Edina-Hagener layer and 
the bottom 10 cm or so of the Hagener layer remained essentially water-
saturated during the desorption effect. 
Figure 52 presents profiles of the distribution of hydraulic gradient 
with soil depth. As was observed for the soil columns in Experiment 4 
the hydraulic gradient profiles for the Edina-Hagener layer exhibit the 
obvious discrepancy of having a hydraulic gradient of zero value. This 
discrepancy arises because of layering which occurred during packing 
of the soil into the columns; therefore, due to the stratification in 
Figure 51. Profiles of the distribution of water pressure head with 
soil depth shoicing changes in pressure incurred during 
displacement of one-liter aqueous solutions of chloride 
and L.A.S. surfactant downward through two-layer soil 
columns A and B and solutions of chloride and nitrate 
downward through two-layer columns C and D. Each of the 
soil columns was comprised of 10 era of a 60/40 mixture 
of Edina and Hagener soils overlying 83 cm of Kagener 
soil and was aerated with a 0.2^ oxygen gas mixture 
laterally through the vertical columns. Displacing 
solutions for columns A and B contained 500 mg/l of 
chloride and 46.5 mg/l of L.A.S. surfactant; whereas, 
displacing solutions for columns C and D contained 500 
mg/l of chloride, 500 mg/l of nitrate-nitrogen and 105 
mg/l of sucrose-carbon, J\ water pressure head of -20 cm 
of water maintained at both the surface and base of 
columns B and D resulted in average water flow velocities 
of 0.119 and 0.110 cm/hr, respectively. A zero water 
pressure head maintained at the surface and a pressure 
head of -20 cm of water maintained at the base of col­
umns A and C resulted in average water flow velocities 
of 0.128 and 0.138 cm/hr, respectively. Average gas 
flow rates for A, B, C, and D were 312, 269, 302, and 
292 cm^/hr, respectively. 
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Figure 52. Profiles of the distribution of hydraulic gradient with 
soil depth shoifing changes in hydraulic gradient incurred 
during displacement of one-liter aqueous solutions of 
chloride and L.A.S. surfactant doxmward through two-layer 
soil columns A and B and solutions of chloride and nitrate 
dov.mward through two-layer columns C and D. Each of the 
soil columns was comprised of 10 cm of a 60/40 mixture of 
Edina and Hagener soils overlying 83 cm of Hagener soil 
and was aerated with a 0.2^ oxygen gas mixture laterally-
through the vertical columns. Displacing solutions for 
columns A and B contained 500 mg/l of chloride and 46.5 
mg/l of L.A.S. surfactant; whereas, displacing solutions 
for columns C and D contained 500 mg/l of chloride, 500 
mg/l of nitrate-nitrogen and 105 mg/l of sucrose-carbon. 
A water pressure head of -20 cm of water maintained at 
both the surface and base of columns 3 and D resulted in 
average water flow velocities of 0.119 and 0.110 cm/hr, 
respectively. A zero water pressure head maintained at 
the surface and a pressure head of -20 cm of water main­
tained at the base of columns A and C resulted in average 
water flow velocities of 0.128 and 0.138 cm/hr, respec­
tively. Average gas flow rates for A, B, C, and D were 
312, 269, 302, and 292 cmP/hr, respectively. 
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the upper portion of the Edina-Hagener soil the profile of hydraulic 
gradient is discontinuous rather than continuous as shox-m on the graphs 
to illustrate the discrepancy. The large positive hydraulic gradients 
in the vicinities of the column surface and the- interface between the 
Edina-Hagener and Eagener layers show that water flow was greatly res­
tricted cy the soil surface and the layer interface and that the main 
driving force for water movement was water pressure. The negative values 
of the hydraulic gradients found in the Eagener layer imply that the 
influence of the gravity driving force upon water flow was greater than 
the water pressure driving force. The profile of hydraulic gradient 
was essentially a straight line except for a slight curvature near the 
bottom of the Eagener layer. The hydraulic gradient decreased vâth in­
creasing soil depth dovm to a depth of about 85-cm below which the grad­
ient increased VJith increasing depth. Restriction of water flow through 
the bottom surface of the column by microbiological activity may be res­
ponsible for the increase of hydraulic gradient with soil depth. 
Aerating Gas: Oxygen 
Soil physical and flow data have already been presented for the 5^ 
oxygen case of Experiment 5 iïi Tables 11 and 13. Average liquid flow 
velocities incurred during'aerating of the soil columns with % oxygen 
were 0.134 and 0.131 cm/hr, respectively, for k and C and O.IO5 and 0.129 
cm/hr, respectively, for B and D. Flow rates of the 5^ oxygen gas were 
3^1, 296, 322 and 342 ml/hr, respectively, which resulted in oxygen flow 
rates of 17.05, 14.80, I6.IO and 17.10 ml/hr for soil columns A, 3, C and 
D. 
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Figure 53 shows élution curves. The areas under the elution curves 
of L.A.S. show that 47.41 and 52.615», respectively, of the 46.5-mg of 
L.A.S. applied to soil columns A and B were recovered in the liquid 
effluent. The absolute losses of L.A.S. for columns A and B were 24.45 mg 
and 22.03 mg. The L.A.S. loss was slightly larger for column A than that 
for column B although the liquid flow velocity was greater. When these 
L.A.S. losses are compared to those when the columns were aerated with 
0.2^ oxygen very little average difference is observed. Since aerobic 
oxidation of the degradeable L.A.S. is well known to proceed faster than 
anaerobic oxidation (Swisher 1966) we would have expected an increase in 
the L.A.S.losses vri-th aeration of the soil columns vdth 5^ oxygen; however, 
the oxygen flow rates may not have been sufficient to maintain completely 
aerobic conditions. The possibility does exist that the L.A.S. monolayers 
at liquid-air interfaces restricted oxygen transport to the liquid en­
vironment of the soil microbes, "thus decreasing the effectiveness of the 
5^ oxygen aerating gas. The chloride elution curves are of the predic­
ted symmetrical shape (Corey 1966). 
The areas under the elution curves (Figure 53) of nitrate show that 
81.46 and 79.89^, respectively, of the 500-mg of nitrate-nitrogen initial­
ly added to soil columns C and D were recovered in the liquid effluent. 
The absolute losses of nitrate-nitrogen for column C and D were 92.7 mg 
and 100.6 mg. These nitrate losses were much less than those observed 
when these same soil columns were aerated vjith 0.2^ oxygen gas. The 
decrease in the nitrate losses was expected because X'âth the 0.2^ oxygen 
gas nitrate served as the primary electron acceptor for microbiological 
Figure 53. Breakthrough cwves for displacement of one-liter aqueous 
solutions of chloride and L.A.S. surfactant dovmward through 
two-layer soil columns A and B and solutions of chloride 
and nitrate downward through two-layer columns C and D. 
Each of the soil columns was comprised of 10 cm of a 
60/40 mixture of Edina and Hagener soils overlying 83 cm 
of Hagener soil and was aerated with a 5^ oxygen gas mix­
ture laterally through the vertical columns. Displacing 
solutions for columns A and B contained 500 mg/l of 
chloride and 46.5 mg/l of L.A.S. surfactiint; whereas, dis­
placing solutions for columns C and D contained 500 mg/l 
of chloride, 500 mg/l of nitrate-nitrogen and 105 mg/l of 
sucrose-carbon. A water pressure head of -20 cm of water 
maintained at both the surface and base of columns B and 
D resulted in average water flow velocities of 0.105 and 
0.129 cm/hr, respectively. A zero water pressure head 
maintained at the surface and a pressure head of -20 cm 
of water maintained at the base of columns A and C re­
sulted in average water flow velocities of 0.134 and 0.131 
cm/hr, respectively. Average gas flow rates for A, B, C, 
and D were 3^1, 296, 322, and 342 cm3/hr, respectively. 
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oxidation of the sucrose, whereas with the Si-' oxygen gas dissolved 
oxygen replaced at least some of the nitrate in the role of electron 
acceptor for oxidation of sucrose. Although slight deviations in the 
curve symmetry referred to a vertical line through the peak are observed, 
the chloride elution curves for soil columns C and D are of the shape 
expected (Corey I966) from molecular diffusion and the distribution of 
microscopic flow velocity. 
Figures 5^ and 55 present soil water pressure profiles and profiles 
of soil water content. Much of the previous discussion from the case of 
soil aeration with 0.2% oxygen is also applicable in the case of soil 
aeration i-rith 0.2^ oxygen is also applicable in the case of soil aeration 
with % oxygen. Water-desorption was observed for each soil column 
during the displacement of the solutes through the soil. 
Figure 56 presents profiles of the distribution of hydraulic grad­
ient Tfâth soil depth. These profiles differ very little from those 
presented for the case of soil aeration with 0.2$ oxygen. 
Aerating Gas; 209a Oxygen 
The average liquid flow velocities (Table 13) incurred when the 
soil columns were aerated with 20^ oxygen were 0.124 and 0.135 cm/hr, 
respectively, for A and C and 0.097 and 0.092 cm/hr, respectively, for 
B and D. Flow rates of the 20$ oxygen gas were 3l6, 321, 321 and 246 
ml/hr, respectively, which resulted in oxygen flow rates of 63.2, 64.2, 
64.2 and 49.2 ml/hr for soil columns A, B, C and D. 
Figure 57 presents the elution curves. The areas measured under 
Figure 5^. Profiles of the distribution of water pressure head with 
soil depth shoifing changes in pressure incurred during 
displacement of one-liter aqueous solutions of chloride 
and L.A.S. surfactant downward through two-layer soil 
columns A and B and solutions of chloride and nitrate 
downward through two-layer columns C and D. Each of the 
soil columns was comprised of 10 cm of a 60/40 mixture 
of Edina and Hagener soils overlying 83 cm of Hagener 
soil and was aerated xd.th a oxygen gas mixture later- • 
ally through the vertical columns. Displacing solutions 
for columns A and B contained $00 mg/l of chloride and 
46.^ mg/l of L.A.S. surfactant; whereas, displacing so­
lutions for columns C and D contained 500 mg/l of chloride, 
500 mg/l of nitrate-nitrogen and 105 mg/l of sucrose-
carbon, A water pressure head of -20 cm of water main­
tained at both the surface and base of columns B and D 
resulted in average water flow velocities of 0.105 and 
0.129 cm/hr, respectively. A zero water pressure head 
maintained at the surface and a pressure head of -20 cm 
of water maintained at the base of columns A and C result­
ed in average water flow velocities of 0.134 and 0.131 
cm/hr, respectively. Average gas flow rates for A, B, C, 
and D were 3^1, 296, 322, and 3^2 cm^/hr, respectively. 
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Figure 55. Profiles of soil water content expressed as percentage ) 
saturation shovâng changes in water content incurred 
during displacement of one-liter aqueous solutions of 
chloride and L.A.S. surfactant downward through two-
layer soil columns A and B and solutions of chloride and 
nitrate do^vnwcird through two-layer columns C and D. 
Each of the soil columns was comprised of 10 cm of a 60/40 
mixture of Edina and Hagener soils overlying 83 cm of 
Hagener soil and was aerated tjith a 5^ oxygen gas mixture 
laterally through the vertical columns. Displacing solu­
tions for colujms A and B contained 500 mg/l of chloride 
and 46.5 mg/l of L.j\.S. surfactant; whereas, displacing 
solutions for columns C and D contained 500 mg/l of chloride, 
500 mg/l of nitrate-nitrogen and 105 mg/l of sucrose-carbon. 
A water pressure head of -20 cm of water maintained at both 
the surface and base of columns B and D resulted in average 
water flow velocities of 0.105 and 0.129 cm/hr, respec­
tively. A zero water pressure head maintained at the sur­
face and a pressure head of -20 cm of water maintained at 
the base of columns ^ and C resulted in average water flow 
velocities of 0.134 and 0.131 cm/hr, respectively. Average 
gas flow rates for A, B, C, and D were 341, 296, 322, and 
O 
342 cm /hr, respectively. 
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Figure $6. Profiles of the distribution of hydraulic gradient with 
soil depth showing changes in hydraulic gradient incurred 
during displacement of one-liter aqueous solutions of 
chloride and L.A.S. surfactant downward through two-layer 
Soil columns A and B and solutions of chloride and nitrate 
downward through two-layer columns C and D. __ Each of the 
soil columns was comprised of 10 cm of a 60/k0 mixture of 
Edina and Hagener soils overlying 83 cm of Hagener soil 
and was aerated with a 5^ oxygen gas mixture laterally 
through the vertical columns. Displacing solutions for 
columns A and B contained 500 mg/l of chloride and 46.5 
mg/l of L.A.S. surfactiint; whereas, displacing solutions 
for columns C and D contained 500 mg/l of chloride, 500 
mg/l of nitrate-nitrogen and 105 mg/l of sucrose-carbon. 
A water pressure head of -20 cm of water maintained at 
both the surface and base of columns B and D resulted in 
average water flow velocities of 0.105 and 0.129 cm/hr, 
respectively. A zero water pressure head maintained at 
the surface and a pressure head of -20 cm of water main­
tained at the base of columns A and C resulted in average 
water flow velocities of 0.134 and 0.131 cm/hr, respec­
tively. Average gas flow rates for-A, B, C, and D were 
341, 296, 322, and 3^2 cmP/hr, respectively. 
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the elution curves of L.A.S. show that 46.05 and 51.28^  respectively, 
of the 46.5-mg of L.A.S. applied to soil colimns A and B were recovered 
in the liquid effluent. The absolute losses of L.A.S. for columns A 
and B were 25.0? -rag and 22.66 mg. The average L.A.S. loss is only slight­
ly larger than the average loss when the soil was aerated with 5^  oxygen 
gas. As was the case when the soil was aerated with 5^  oxygen, we would 
have expected that much larger L.A.S. losses occur when the soil was 
aerated with 20^  oxygen than when aerated vn.th 0.2^  oxygen. The results 
from aerating the soil with 20^  oxygen lends more credence to the pre­
viously suggested hypothesis (under Experiment 4) that L.A.S. monolayers 
at air-liquid interfaces restricted oxygen transport so that the microbes 
in their liquid environments received a limited supply of dissolved 
oxygen. 
The areas measured under the elution curves of nitrate show that 
89.29 and 83.7^ » respectively, of the ^ 00-mg of nitrate-nitrogen initial­
ly applied to soil columns C and D were recovered in the liquid effluent. 
The absolute losses of nitrate-nitrogen for columns C and D were 53.5 mg 
and 81.3 mg. These nitrate losses were much less than the corresponding 
losses when the columns were aerated t^ ith % oxygen. The larger nitrate 
loss for column D relative to the loss for column C when both columns 
were aerated with 20^  oxygen is probably attributable to the much longer 
nitrate-microbe contact time in column D due to the slow liquid flow 
velocity. These nitrate losses where the soil was aerated with 20^  
oxygen gas were expected to be less than the corresponding losses when the 
soil was aerated with 5/° oxygen gas because with the 20^  oxygen gas much 
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more dissolved oxygen was available to replace nitrate as an acceptor of 
electrons for microbiological oxidation of the sucrose. Since the nitrate 
losses resulted from microbial assimilation as well as denitrification, 
some loss of nitrate would be expected just by ingestion of the nitrate 
by the microbes themselves regardless of the dissolved oxygen content in 
the liquid. The chloride elution curves for soil columns C and D 
(Figure 57) have the symmetrical shape as was expected (Corey I966) from 
the-molecular diffusion and the distribution of microscopic liquid flow 
velocity. 
Figures 58 and 59 present soil water pressure profiles and profiles 
of soil water content. The shapes of the profiles are little different 
when the soil was aerated with 20^  oxygen than when aerated with 0.2 or 
5/0 oxygen gases (Figures 50,51; 54, 55). The differences are that columns 
A and D underwent a slight water-desorption during the displacement of 
solutes while column C underwent a slight water-sorption process. The 
soil water content and water pressure heads for column B remained vir­
tually invariant during the displacement of solutes through the soil. 
Figure 60 presents profiles of hydraulic gradient for all four soil 
columns when aerated xd.th 20^  oxygen. The general shapes of these pro­
files differ very little from the corresponding profiles (see Figures 52 
and 56) when the soil was aerated with 0.2 and % oxygen gases. 
Resume of Experiment 5 
Figure 6l presents a graph of the average losses of L.A.S. versus 
concentration of the aeration gas for soil columns A and B. 
The slope of the straight line connecting the three experimental points 
Figure 57. Breakthrough curves for displacement of one-liter aqueous 
solutions of chloride and L.A.S. surfactant downward 
through two-layer soil columns A and B and solutions 
of chloride and nitrate dovmx^ ard through two-layer col­
umns C and D. Each of the soil columns was comprised 
of 10 cm a 60/40 mixture of Edina and Hagener soils 
overlying 83 cm of Hagener soil and was aerated with a 
20% oxygen gas mixture laterally through the vertical 
columns. Displacing solutions for columns A and B 
contained 5OO mg/l of chloride and 46.5 mg/l of L.A.S. 
surfactant; whereas, displacing solutions for columns 
C and D contained 5OO mg/l of chloride, 500 mg/l of ni­
trate-nitrogen *and 105 mg/l of sucrose-carbon. A water 
pressure head of -20 cm of water maintained at both 
the surface and base of columns B and D resulted in 
average water flow velocities of 0.097 and 0.092 cm/hr, 
respectively. A zero water pressure head maintained 
at the surface and a pressure head of -20 cm of water 
maintained at the base of columns A and C resulted in 
average water flow velocities of 0.124 and 0.135 cm/hr, 
respectively. Average gas flow rates for A, B, C, and 
D were 316, 321, 321 and 246 cmP/hr, respectively. 
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Figure 58. Profiles of the distribution of water pressure head 
with soil depth showing changes in pressure incurred 
during displacement of one-liter aqueous solutions 
of chloride and L.A.S. surfactant downward through 
two-layer soil columns A and B and solutions of 
chloride and nitrate downward through two-layer 
columns C and D. Each of the soil columns was com-
prised of 10 cm, a 60/40 mixture of Edina and Hagener 
soils overlying 83 cm of Hagener soil and was aerated 
with a 20^  oxygen gas mixture laterally through the 
vertical columns. Displacing solutions for columns 
A and B contained 500 mg/l of chloride and 46.5 mg/l 
of L.A.S. surfactant; whereas, displacing solutions 
for columns C and D contained 500 mg/l of chloride, 
500 mg/l of nitrate-nitrogen and IO5 mg/l of sucrose-
carbon. A water pressure head of -20 cm of water main­
tained at both the surface and base of columns B and D 
resulted in average water flow velocities of 0.097 and 
0.092 cm/hr, respectively. A zero water pressure head 
maintained at the surface and a pressure head of -20 cm 
of water maintained at the base of columns A and C re­
sulted in average water flow velocities of 0.124 and 
0,135 cm/hr, respectively. Average gas flow rates for 
A, B, C, and D were 316, 321, 321, and 246 cm3/hr, res­
pectively. 
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Figure 59. Profiles of soil water content expressed as percentage 
saturation showing changes in water content incurred 
during displacement of one-liter aqueous solutions of 
chloride and L.A.S. surfactant dovjnward through two-
layer soil columns A and B and solutions of chloride 
and nitrate downward through two-layer columns C and 
D. Each of the soil columns was comprised of 10 cm, 
a 60/40 mixture of Edina and Hagener soils overlying 
83 cm of Hagener soil and was aerated with a 20^  
oxygen gas mixture laterally through the vertical col­
umns. Displacing solutions for columns A and B contain­
ed 500 mg/l of chloride and 46.5 mg/l of L.A.S. sur­
factant; whereas, displacing solutions for columns C 
and D contained 500 mg/l of chloride, 500 mg/l of ni­
trate-nitrogen and 105 mg/l of sucrose-carbon. A water 
pressure head of -20 cm of water maintained at both 
the surface and base of columns B and D resulted in 
average water flow velocities of 0.097 and O.O92 cm/hr, 
respectively, A zero water pressure head maintained 
at the surface and a pressure head of -20 cm of water 
maintained at the base of columns A and C resulted in 
average water flow velocities of 0.124 and 0.135 cm/hr, 
respectively. Average gas flow rates for A, B, C, and 
D were y\h, 321, 321, and 246 cm^ /hr, respectively. 
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Figure 60. Profiles of the distribution of hydraulic gradient with 
Soil depth showing changes in hydraulic gradient incurred 
during displacement of one-liter aqueous solutions of 
chloride and L.A.S. surfactant dotrnward through two-
layer soil columns A and B and solutions of chloride 
and nitrate downward through two-layer columns C and D. 
Each of the soil columns was comprised of 10 cm, a 60/40 
mixture of Edina and Hagener soils overlying 83 cm of 
Hagener soil and was aerated tri.th a 20^  oxygen gas mix­
ture laterally through the vertical columns. Displacing 
solutions for columns A and B contaf^  ^500 mg/l of chloride 
and 46.5 mg/l of L.A.S. surfactant; whereas, displacing 
solutions for columns C and D contained 500 mg/l of chloride, 
500 mg/l of nitrate-nitrogen and 105 mg/l of sucrose-
carbon. A water pressure head of -20 cm of water main­
tained at both the surface and base of columns B and D 
resulted in average water flow velocities of 0.097 and 
0.092 cm/hr, respectively. A zero water pressure head 
maintained at the surface and a pressure head of -20 cm 
of water maintained at the base of columns A and C re­
sulted in average water flow velocities of 0.124 and 
0.135 cm/hr, respectively. Average gas flow rates for 
A, B, C, and D were 3l6, 321, 321, and 246 cm^ /hr, res­
pectively. 
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Figure 6l. Average losses of L.A.S. incurred during movement through 
two soil columns aerated with 0.2, 5 a.nd 20^  oxygen gas. 
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is positive but of small magnitude. Thus the L.A.S. loss from the soil 
columns appeared to increase only slightly with an increase in the oxygen 
concentration of the aerating gas for the soil. The loss of L.A.S. 
occurred by microbiological degradation and adsorption by soil particles. 
The amount of L.A.S. adsorption by the soil should be virtually indepen­
dent of the oxygen concentration of the aerating gas, and the 2 to 3 
week periods in between the displacements of L.A.S. through the soil 
columns should have been sufficient time for the microbes to degrade 
the adsorbed phase of the L.A.S. Thus the primary influence of soil 
aeration upon loss of L.A.S. ±s that of biological degradation. Since 
aerobic degradation of L.A.S. is known (Swisher 1966) to proceed much 
faster than anaerobic degradation, we would expect a large increase in 
the loss of L.A.S. upon changing from an aerating gas of 0.2 to 5 or 20^  
oxygen. However, the problem can not be simplified so easily. Surfactant 
mono-layers at air liquid interface are known to restrict the exchange of 
gases between the gaseous and liquid phases hj forming a condensed 
layer (Davies and Rideal 1963). Thus monolayers of L.A.S. present on the 
air-liquid interfaces within the soil pores of the columns used will 
restrict the supply of dissolved oxygen to the liquid environment of 
the microbes and the decrease in supply will depend upon the effective­
ness of the L.A.S, monolayers in restricting transport of the oxygen 
from the aerating gas to the soil solution. Since the times required 
to achieve displacement of L.A.S. through soil columns A and B ranged 
from 11 to 15 days, the results of this experiment indicate that aerobic 
degradation of L.A.S. when the soils were aerated with 5 and 20^  oxygen 
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gases was not a major factor in determining the corresponding losses of 
L.À.S. We would surmise from this conclusion that for some reason the 
dissolved oxygen supply was not sufficient to maintain an aerobic 
microbial environment even when the aerating gas was 20^  oxygen, and 
suggest that L.A.S. monolayers at air-liquid interfaces may have re­
stricted the supply of oxygen to soil microbes. 
Figure 62 presents a graph of the average nitrate losses versus 
oxygen concentration of the aerating gas for soil columns C and D. 
Slopes of the straight line segments connecting the three experimental 
points indicate negative values but of greater magnitude between 0.2% and 
5/0 oxygen concentrations than between 5 and 20% oxygen concentrations. 
Thus a large decrease in nitrate loss occurred with an increase in 
oxygen concentration of the aerating gas but the magnitude of the de­
crease was greater between 0.2 to 5% oxygen versus the range 5 to 
20% oxygen. The average nitrate loss from soils columns C and D aerated 
with 0.2% oxygen gas was, as may be calculated from values read from_.. 
Figure 62, 1.40 times greater than the loss when the aeration gas was 
5% oxygen, and was 2.01 times greater than the loss when the aeration 
gas was 20% oxygen. Loss of nitrate in these soil columns occurred by 
denitrification and microbial assimilation and both of these processes 
are influenced either directly or indirectly by the soil aeration. Since 
nitrate is an alternate to dissolved oxygen as an electron source for 
microbiological oxidation of organic materials, denitrification is 
directly influenced by the dissolved oxygen supply, whereas aeration 
influences the microbial ingestion of nitrate, only in an indirect 
Figure 62, Average losses of nitrate incurred during movement through 
two soil columns aerated with 0.2, 5 and oxygen gas. 
202b 
S 150 
h 120 
- 50 
CQ= 500 mg NITRAl E-N 
0 4 8 12 16 20 
OXYGEN CONCENTRATION OF GAS (VOLUMETRIC%) 
203 
manner. Therefore soil aerated "with 20^  oxygen gas should have less 
nitrate loss by denitrification than when aerated with 0.2^  oxygen be­
cause of a much greater supply of dissolved O2 which is the preferred e _ 
leûtron acceptor by bacteria. If the hypothesis is given that compressed 
monolayers of sufactant may greatly restrict transport of molecular 
oxygen across interfaces separating air and water in soil pores, losses 
of nitrate by microbial denitrification might even be greater in soil 
aerated with 5^  oxygen than with 0.2^  oxygen and similarly with 20^  
oxygen. This hypothesis is proposed as an explanation for the small 
decreases observed in losses of nitrate with an increase in osqygen con­
centration of the aerating gases in Experiment 4. 
The hypothesis of the last paragraph is based on an explanation 
of Davies and Rideal (I962, pp, 301-319). They explain that mass 
transfer of oxygen across a plane gas-water interface encounters a 
resistance R which is the sum of separate diffusional resistances, due 
to diffusion in the gas phase RQ across the monomolecular region con­
stituting the interface of resistance Rj and through the liquid below 
the interface of resistance Rj^ . Spread at an air-water interface 
surface, a close-packed monolayer of a surface active agent can consider­
ably increase the diffusional resistance Rj across the interface. 
If the gas is flowing past the air-water interface the resistances RQ 
becomes negligible and the resistance RL decreases if the liquid is 
flowing; therefore the mass transport of oxygen across the interface 
may be primarily controlled by the resistance Rj if it is very large. 
Experimental results for CO2 absorption into distilled water show no 
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detectable value Rj, although, when Lissapol and Teepol, surface-active 
agents, were dissolved in the water, the values of Rj were about 35 
sec/cm. Thus it is readily apparent how compressed monolayers of sur­
factant can reduce the mass transport of a gas like oxygen across air-
water interfaces in soil pores. 
Considering the line of thought of Davies and Rideal to 
to porous media, a comparison is given for nitrate losses incurred for 
soil column D during aeration with 0.2, 5 and 20$ oxygen gases in Ex­
periment 4 and during aeration with similar gases in Experiment 5. 
Column D was chosen for the comparison because inflow and outflow water 
pressure heads were maintained at identical values in both experiments. 
The only changes in the flow system between Experiments 4 and 5 was 
that in Experiment 4 a concentration of 4 mg/l of A.B.S. surfactant 
was included in the displacing solution of nitrate. In Experiment 5 
i>ihen no A.B.S. was present in solution, the nitrate loss observed when 
column D was aerated with 0.2^  oxygen was (calculated from Figure 62) 
1.33 times greater than the nitrate loss when aerated with % oxygen and 
was (calculated from Figure 62) 1.65 times the nitrate loss when the 
aerating gas was 20^ oxygen. In contrast, in Experiment 4 when A.B . S .  
was present in solution the nitrate loss when column D was aerated with 
0.2$ oxygen was only (calculated from Figure 4?) 0.92 of the nitrate loss 
when the aerating gas was % oxygen and was only (calculated from 
Figure 47) 1.11 times greater than the loss of nitrate when the aerating 
gas was 20$ oxygen. Although the example presented is not conclusive 
proof of the proposed hypothesis that surfactant monolayers restrict the 
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the supply of dissolved oxygen to soil microorganisms, it does lend 
special credence since all of the aeration treatments were on the same 
column of soil. Timewise the experiments were comparable. The time 
that the nitrate was in contact with the soil microbes in column D 
in the case of each aeration treatment ranged from 11 to 1$ days for 
Experiment 5 and ranged from 9 to 12 days for Experiment 4. 
/• f 
In Figure 62, a point about experimental time requirements of 
Experiments 1 through 6 may be made: Straight lines have been drawn 
through the three data points of Figure 62. It was originally planned 
to get data points for 0.2, 5. 10, 15 and 20^  oxygen concentrations. 
The 10 and 15$ data points were omitted for lack of time. A run for 
a single data point took more than a month. For example, the lower 
right hand corner of Figure 59 shows a water pressure profile taken 
15 days after a zero starting time. Before zero time about 15 days 
of running time were required to stabilize the gas and liquid flows 
through the column of soil. 
Figure 63 presents profiles of soil water content for columns 
A, B, C and D when aerated with 0.2, 5 and 20$ oxygen gases. The 
profiles indicate that some change in the soil water content did occur 
with time, but that the general trend of fluctuation was neither in 
a strictly desorption or sorption direction. 
Figure 64 shows that profiles of hydraulic gradient did not change 
with time in the Hagener soil layer except for a slight increase in the 
hydraulic gradient near the outflow surface which implied a slight in­
crease in resistance to water flow through the outflow soil surface 
Figure 63. Profiles of the average distribution of water content with 
soil depth for two-layer soil columns—A, B, C, and D— 
in Experiment 5. Water content profiles are given for 
miscible displacement which occurred during aeration of 
the soil columns with 0.2, 5. and 20^  oxygen gas mixtures 
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Figure 64. Profiles of the average distribution of hydraulic 
gradient with soil depth for two-layer soil columns 
—A, B, C, and D—in Experiment 5. Hydraulic grad­
ient profiles are given for miscible displacement 
which occurred during aeration of the soil columns 
with 0.2, 5, and 20^  oxygen gas mixtures. 
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due to microbiological activity. Hydraulic gradients near the inflow 
soil surface in the Edina-Hagener soil layer increased with time which 
also indicated an increased resistance to liquid flow through the in­
flow soil surface possibly because of microbiological activity. 
Results and Discussion for Experiment 6 
Upon completion of Experiment 5 the two-layer soil columns A, 
B, C and D were also used as flow systems for Experiment 6. 
Table 14 presents flow data associated with miscible displacement 
of nitrate, chloride and L.A.S. through the soil columns during 
aeration with 0.2# oxygen gas. Inflow water pressure heads were main­
tained at plus 2.5 cm of water and outflow water pressure heads were 
maintained at minus 20 cm of water. Average liquid flow rates over a 
period of approximately 27 days were 0.049, 0.044, O.O5I and 0.049 cm/hr, 
respectively, for soil columns A, B, C and D. Solutions of chloride, 
nitrate, L.A.S. and sucrose were displaced through columns B and C, 
but solutions of chloride, L.A.S, and sucrose were displaced through 
columns A and D. Extremely high sucrose concentrations of 25OO mg/l 
of carbon were maintained in all displacing solutions as well as solutions 
applied to columns prior to and following the displacing solutions. The 
extremely high concentrations of sucrose coupled with the low oxygen 
concentration of the aerating gas were used to create a truly anaerobic 
environment for the purpose of investigating the movement of L.A.S. and 
nitrate through the soil. Unfortunately the level of microbial activity 
became so high that the liquid flow velocity was decreased to a very small 
Table l4. Flow data associated with Experiment 6 for miscible displacement of nitrate, chloride and 
L.A.S. through vertical two-layer soil columns—A, B, C, and D—during continuous transport 
of a helium-oxygen gas mixture with 0.2^  oxygen laterally through the soil 
A B C D 
Hinput. cm of HgO +2.5 +2.5 +2.5 +2.5 
Houtputf cm of HgO -20 -20 -20 -20 
Liquid flux, cra/hr 0.049 0.044 0.051 0.049 
Gas flow rate, ml/hr 265 274 308 257 
Chloride-CQ, mg/l 500 500 500 500 
Nitrate-nitrogen-Co, mg/l 0 500 500 0 
Ij«A.S,—CQ, Mg/l 46.5 46.5 46.5 46.5 
L.A.S. in soil solution, mg/l 0 46.5 46.5 0 
Sucrose-carbon in solution, mg/l 2500 2500 2500 2500 
Sucrose-carbon in soil solution, mg/l 2500 2500 2500 2500 
Volume of solution, 1 0.200 0.205 0.170 0.180 
Figure 65. Profiles of water pressure head shoi-slng changes in pres­
sure incurred during displacement of 0.205-liter and 
0.170-liter aqueous solutions, respectively, of chloride 
and nitrate downward through two-layer soil columns B 
and C and 0.200-liter and 0.180-liter solutions, respect­
ively, of chloride and surfactant downward 
through two-layer columns A and D. Each soil column was 
comprised of 10 cm of a 60/40 mixture of Edina and Hagener 
soils overlying 83 cm of Hagener soil and was aerated with 
a 0.2# oxygen gas mixture laterally through the vertical 
columns. Displacing solutions and solutions used prior 
to and following displacing solutions contained 2500 mg/l 
of sucrose-carbon. The displacing solutions for columns 
B and C also contained 500 mg/l of chloride, 500 mg/l of 
nitrate-nitrogen and 46,5 mg/l of L.A.S. surfactant, 
and solutions prior to and following the displacing so­
lutions contained 46.5 mg/l of L./i.S. The displacing 
solutions used for columns h and D contained in addition 
to the sucrose 500 mg/l of chloride and 46.5 mg/l of 
L./i.S. Water pressure heads of +2.5 and -20 cm of water 
maintained at the surface and base,, respectively of 
columns /i, B, C, and D resulted in average water flow 
velocities of 0.049, 0.044, O.O5I, and 0.049 cm/hr, res­
pectively. Average gas flow rates for A, B, C, and D 
were 265, 274, 308, and 257 cm3/hr. 
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Figure 66. Profiles of the distribution of hydraulic gradient 
•with soil depth showing changes in hydraulic gradient 
incurred during displacement of 0.205-liter and 0.170-
liter aqueous solutions, respectively, of chloride 
and nitrate downward through two-layer soil columns B 
and C and 0.200-liter and 0.180-liter solutions, respect­
ively, of chloride and L./i.S. surfactant downward 
through two-layer columns /i and D. Each soil column was 
comprised of 10 cm of a 60/40 mixture of Edina and Hagener 
soils overlying 83 cm of Hagener soil and was aerated with 
a 0.2# oxygen gas mixture laterally through the vertical 
columns. Displacing solutions and solutions used prior 
to and following displacing solutions contained 2500 mg/l 
of sucrose-carbon. The displacing solutions for columns 
B and C also contained 500 mg/l of chloride, 500 mg/l of 
nitrate-nitrogen and 46.5 mg/l of l.A.S. surfactant, 
and solutions prior to îind following the displacing so­
lutions contained 46.5 mg/l of L.A.S. The displacing 
solutions used for columns /i and D contained in addition 
to the sucrose 500 mg/l of chloride and 46.5 mg/l of 
L.A.S. Water pressure heads of +2.5 and -20 cm of water 
maintained at the surface and bzise, respectively of 
columns A, B, C, and D resulted in average water flow 
velocities of 0.049, 0.044, 0.051, and 0.049 cm/hr, res­
pectively. Average gas flow rates for A, B, C, and D 
were 265, 274, 308, and 257 cm3/hr. 
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value which eventually caused termination of the experiment. Background 
.ultraviolet absorption for samples of liquid effluent was so high at 
192 millimicron wavelength that it was impossible to determine ultra­
violet absorption attributable to the benzene ring of the L.A.S. Also 
production of gas in the soil solution due to anaerobiosis was so great 
that the tensiometer bulbs had to be flushed with CaSO/j, solution every 
day or so to remove accumulations of gas, and the gas accumulations in 
the liquid outflow tube temporarily blocked the flow of liquid at in­
opportune times. Although breakthrough curves for chloride and nitrate 
were discarded profiles of soil water pressure and of hydraulic grad­
ient are presented here. 
Figure 65 shows water pressure head profiles. The very wide 
separation between water pressure profiles representative of times 
before, during and after the displacement of the solutes shows that even 
though the inflow and outflow water pressure heads were maintained 
constant the flow regime within the two-layer soil columns was transient. 
Figure 66 shows hydraulic gradient profiles. The unsteady state of 
the flow regimes is brought out by the figure. Separation of the 
gradient profiles occurred in both soil layers, but was most manifest ty 
the changes in hydraulic gradients near the column surface and the 
layer interface. 
Experiment 6 was terminated earlier than was first intended because 
steady state liquid flow could not be attained under the high level of 
sucrose application and high level of bacterial activity. The lack of 
equilibrium may be seen by returning to Figure 65 and observing more 
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closely the 0 to 60-ctti depth the pressure profile changed for the 
three times it was recorded, 0, 13.980 and 2 6.988 days. 
To conclude Experiment 6, O.OIN CaSO^  solution was applied, 
starting with 27 days for time zero, continuously to the inflow section 
of the soil columns and the columns were aerated with 20^  oxygen for 
two weeks. The CaSO^  flushed the sucrose from the columns, and the 
20^  oxygen gave positive aeration conditions. After the flow rate now 
became stabilized the gamma ray attenuation method was used to determine 
soil water content at 5 cm intervals throughout the columns. The water 
content data obtained from the gamma ray measurements have already been 
presented in Figure 1, the water content versus depth is plotted. Upon 
going back to Figure 1 it should be remembered that the water pressure 
profiles are also given as inferred from water pressure measurements 
done on separate samples of the soils. It was also pointed out earlier 
that the two profiles of soil water content did not agree. The wide 
separation between the two curves indicates the tremendous error in­
volved with using water characteristic curves to infer soil water 
contents in two-layer soil columns. 
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SmmRY MD CONCLUSIONS 
The chain of events which may eventually lead to pollution of 
ground water by both organic and inorganic solutes begins with the 
application of agricultural chemicals or waste waters to the soil 
surface. With the advent of water movement through the soil from rain­
fall, irrigation or from the wastewater itself, these pollutants begin 
a downward movement which may eventually lead them to the ground water. 
As these pollutants traverse the soil profile they are subjected to a 
number of environmental factors which influence their travel. As 
application rates and consumption of fertilizer and other agricultural 
chemicals continue to increase, and as wastes from our growing human 
and livestock populations increase, the need for greater understanding 
of the influence of the soil environment upon potentional pollution 
of ground water increases. One very important factor which effects the 
generation or loss of biodegradable compounds such as L.A.S,, sucrose 
and nitrate is the effect of soil aeration upon microbiological activity. 
This thesis presents an experimental investigation of the effect 
of soil aeration upon biological breakdown of specific chemical con­
stituents of waste waters and agricultural chemicals during movement 
downward through columns of soil. Because of the tremendous influence 
which dissolved oxygen exerts upon soil microbe activity, the ultimate 
objective of this investigation was to determine the influence of soil 
aeration upon contamination of ground water tj' certain chemicals. The 
chemicals used were, nitrate, and a detergent surfactant called L.A.S. 
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Sucrose at certain levels was used to increase microbial activity. 
Chloride was applied in all aqueous displacing solutions which contained 
either L.A.S. or nitrate. The anion chloride can be a pollutant of ground 
water but it is not influenced directly by soil aeration. It was used in 
this aeration experiment to check the movement of an ion which would not 
be affected by the bacteria. Sets of two-layer columns of soil were used 
in the investigation to provide flow systems which allowed simultaneous 
control of soil aeration and of steady liquid flow while investigating the 
influence of the aeration upon biological breakdox-m of the chemicals. 
The chemicals were applied to the surface of the soil and they moved 
downward with water that was passed through the columns. 
The two-layer columns of soil used were similar in general respects 
to agricultural soils, that had a tight layer, as a plow sole, underneath 
which was permeable soil. Use of the tight upper layer above and per­
meable layer below allowed a condition of water-unsaturation in the 
lower layer. A condition of water-unsaturation in the lower layer was 
desired to provide enough continuity between air-filled pores to support 
continuous flow of an aerating gas and secondly, to provide aqueous flow 
through thin liquid soil water films. The layered soil used was sub­
ject to a principle which states that whenever water passes dovmward 
through one soil layer into another of greater hydraulic conductivity, 
the water content of the lower layer may be unsaturated even though 
water is ponded over the soil surface. In some experiments ponded water 
was used on the soil surface, but in some experiments the water was 
applied to the surface at a negative head (by means of fritted glass 
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bead porous plates). 
Steady state liquid flow was established in the soil column by 
maintaining constant water pressure heads for inflow and outflow soil 
surfaces, and the aeration level of the subsurface soil was controlled 
by continuous passage laterally through the soil column of an aerating 
gas containing either 0.2, 5 or 20^  oxygen. A solution of chloride, 
nitrate, L.A.S. and sucrose was introduced to the surface of each 
column by a miscible displacement technique, and the concentration of 
these materials was then measured in volume samples collected at the 
outflow end of the soil columns. 
The two-layer experimental flow system used in this investigation 
presented a means by which a gas of known composition could be passed 
laterally through water-unsaturated soil that has water moving through 
it at a constant velocity. This technique offers the advantage of 
allowing a number of environmental parameters to be simultaneously 
controlled and continuously monitored. The rate at which the constituent 
quanities of soil air changed because of microbiological processes, 
may be ascertained from periodic analysis of the gaseous effluent. The 
fate of chemical materials dissolved in water entering the soil was 
determined from analyses of the liquid effluent coupled with analyses of 
the soil air. 
The experimental procedure for this investigation involved appli­
cation of the chemicals to the soil surface ty miscible displacement. 
In this process, as applied here, steady flow of a dilute aqueous solu­
tion of calcium sulfate is maintained vertically downward through the 
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two-layer columns of soil. The steady liquid flow was established by 
supplying the aqueous solution to the soil surface at a constant water 
pressure head. At a given instant which was designated as zero time, 
the inflow liquid to the column surface was instantaneously changed from 
the dilute calcium sulfate solution to a CaSO^  solution to which had 
been previously added two or more of the chemical solutes, chloride, 
nitrate, sucrose and a "detergent surfactant" called ty the detergent 
industry, L.A.S. The solution of organic and inorganic compounds was 
supplied to the soil surface at a constant inflow water pressure head 
until exactly a prespecified volume, one "slug", had passed through the 
soil surface. At that time the inflow liquid was instantaneously 
changed back to the dilute calcium sulfate solution. The soil surface 
was continuously supplied with this solution until the earlier applied 
chemicals had been displaced, that is, moved out of the columns. Steady 
flow of liquid was maintained during each aeration experiment. The 
liquid effluent was analyzed in increments of 18-ral for concentrations 
of each of the surface-applied solutes, and the measured concentrations 
were used to construct "breakthrough" or elation curves for each solute. 
The breakthrough curves were obtained by plotting the ratio of the 
solute concentration in the effluent to the solute concentration in the 
solution initially added to the soil surface versus the volume of 
liquid effluent collected. Measured areas under the breakthrough curves 
provided a convenient means for direct calculation of the quantity 
of surface-applied solute recovered in the effluent. 
The aeration technique used in this experiment consisted of applying 
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helium-oxygen mixtures in the ratio 99.8^  helium and 0.2^  oxygen; 95^  
helium and jja oxygen; and 80^  helium and 20^  oxygen. These helium-
oxygen mixtures were applied laterally through numerous perforations 
in opposite sides of plastic cylinder walls containing the soil. The 
aerating techniques used in this investigation were not intended to 
simulate the aerating process which occurs naturally in water-unsatu-
rated field soils; however, the aerating method provided a convenient 
means for transporting large amounts of aerating gas through gas-filled 
soil pores. Under field conditions aeration of a two-layer profile may 
be severely restricted by the lower permeability of the top layer; how­
ever, restriction to vertical gas transport is no problem in the labor­
atory soil columns used, because the aerating gas was transported lat­
erally through the water-unsaturated soil. 
Results from the investigation reported in this thesis provide 
a basis for making the follo\d.ng conclusions; 
1. Two-layer columns of soil provide a flow system for gas and 
liquid which may be used to simultaneously control steady 
water flow vertically downward while maintaining a constant 
flow of aerating gas normal to the direction of liquid flow. 
The two-layer vertical column flow system has the advantages 
of establishing steady unsaturated flow without the aid of a 
pumping device and of approximating conditions which may 
naturally occur in the field, whereby a soil profile may 
have a zone of restricted water-permeability such as a stratum 
of silt and clay materials occurring near the surface of a 
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profile of wind deposited or alluvial sand. One obvious disadvantage 
of the system is that the use of two different soil materials and 
the coexistence of saturated and unsaturated liquid flows all with­
in the same soil column may present difficulty in interpretation of 
data. Any difficulty with interpretations of results was partially 
offset in this investigation by applying different experimental 
treatments to the same column of soil,• 
2. Profiles of the distribution of hydraulic gradient with soil depth 
may be used as indicators of stratification in soil columns other­
wise thought to be homogeneous. The occurrence of both positive 
and negative values on a hydraulic gradient profile for a soil 
column supporting steady downward water flow implies that a hydraulic 
gradient of value zero occurs somewhere in between the negative and 
positive values of hydraulic gradients. Since a zero value of hy­
draulic gradient for uniform soil implies that the liquid flow 
velocity is zero and since the measured flow velocity for the soil 
column is a nonzero constant, the only plausible explanation for 
the zero value of hydraulic conductivity at some depth in the 
column is that an interface between two different layers of soil 
occurs in the vicinity of the depth in question. In view of con­
ditions at a layer interface where there exists a discontinuity 
in hydraulic conductivity with soil depth, a smooth curve should 
not be used to connect experimentally determined values of hydraulic 
gradient which occur on opposite sides of an interface between soil 
layers, whether the interface is clearly defined or is somewhat 
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diffuse. Under steady liquid flow the product of hydraulic 
conductivity and hydraulic gradient for each side of the inter­
face would be equal if Darcy's law, v = - Ki, held at each side 
of the interface. The gradient is zero and there are positive 
hydraulic gradients above and negative hydraulic gradients below 
so that it is concluded that Darcy's law doesn't hold in the upper 
layer or at the layer interface in the type of flow system considered 
here (water moving through a layer of low permeability into a layer 
of higher permeability). 
3. The simultaneous occurrence of water-sorption and water-desorption 
processes within a two-layer soil column introduces a very large 
hysteresis error in any profile of soil water content determined 
by using measured values of water pressure head to infer soil 
water contents from a single plot of h versus 0 from separate 
uniform soil columns of each layer of soil material. Water content 
profiles, determined by gamma attenuation and by separate deter­
minations by use of h versus 0 curves, differ greatly for four 
two-layer soil columns. Because of this large hysteresis effect, 
profiles of water content presented in this thesis from h versus 
0 curves are considered of small significance for absolute values 
of water content. The h versus 0 curves give proper trends of h 
versus depth. 
4. Measured profiles of soil water pressure head showed that local 
changes in soil hydraulic conductivity occurred due to micro­
biological activity, etc. The plus or minus separation of pressure 
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head profiles of consecutive times indicated the occurrence 
respectively of water-sorption (wetting) or water-desorption 
(drying). 
5. In the experiments involving miscible displacement of nitrate and 
chloride where no sucrose was added to stimulate denitrification 
of added nitrate, breakthrough curves obtained with the two-
layer soils showed that chloride was displaced through these 
soils at about the same velocity as was nitrate. 
6. Denitrification rates of added nitrate were lower for a given 
aeration gas when the soil solution contained A.3.S. than when the 
solution did not contain A.B.S. The lower denitrification rate 
when A.B.S. was present is attributed to restriction of molecular 
oxygen transport across interfaces between air and water in soil 
pores. 
7. Soil aeration had little effect upon the recovery of surface-
applied L.A.S. surfactant in the liquid effluent during displace­
ment through the aerated columns of soil. Loss of L.A.S. was 
attributed primarily to adsorption by soil particles and to 
anaerobic biological degradation. The absence of an increase 
in loss of L.A.S. with an increase in the ocygen concentration 
of the aerating gas was hypothesized to be partially due to a 
restriction of transfer of gaseous oxygen to the dissolved state 
by the formation of compressed monolayers of L.A.S. at air-water 
interfaces in the soil pores. 
8. Denitrification rates were observed to be greatly increased ly 
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the presence of large amounts of sucrose. 
9. Increasing the oxygen concentration in the aerating gas decreased 
the rate of denitrification of surface-applied nitrate (because 
oxygen was available for the bacteria in the soil atmosphere and 
hence did not need to be taken from the NO^ ). The response be­
tween 0.2 and 5^  oxygen concentrations was greater than the res­
ponse between 5 and 20^  oxygen concentrations. 
10. Based upon the large concentrations of solutes displaced in solu­
tion through the soil columns, soil aeration definitely plays an 
important role in the biological breakdown of L.A.S,, sucrose and 
nitrate with little or no effect upon chloride recovery. As the 
soil aeration increases degradation of sucrose increases, but the 
denitrification of nitrate decreases. 
11. A simple but convenient method has been presented in the Appendix 
for calculation of K(h) from slopes of semilogarithmic plots of 
water pressure head gradient versus soil depth and from the steady 
liquid flow velocity. 
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APPENDIX 
A Method For Calculating Hydraulic Conductivity as a Function of 
Water Pressure Head in Uniform Soil 
Earlier (p. 58» Case 3) we have shown that for steady state flow 
through a uniform layer of soil we have the relation 
where v is the macroscopic flow velocity, h is water pressure head and 
K(h) is hydraulic conductivity. This relationship for steady flow 
velocity can be used to provide a simple but convenient method for cal­
culating hydraulic conductivity as a function of water pressure head. 
Another means of expressing this relationship for steady flow velocity 
is given by 
^ S(h)/ir<wL) = ItSTS' 
where u represents dh/dz 
Rearrangement of the first and last members of this equation yields an 
expression for the slope of a curve which gives hydraulic conductivity 
as a function of water pressure head, namely 
dK(h)/clh . K2(h) mm = 
V K^ (h) V 
where u = dh/dz 
The quotient of the terra on the right hand side of this equation 
is an expression for the slope of a semi-logarithmic plot of water 
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pressure head gradient versus soil depth. This graph can be construct­
ed from experimentally determined values of water pressure head gradient 
taken at given depths for a uniform column of soil. At a given soil 
depth z, the slope of the experimental profils of the logarithm of pres­
sure head gradient may be divided by the steady flow velocity v to yield 
ratio of the slope of a plot of hydraulic conductivity versus water pressure 
head and the hydraulic conductivity function squared. The newly calculated 
slope gives the value of (dK(h)/dh)/K^ (h) at the point h^  which is the 
water pressure head corresponding to the soil depth Zj^ . Integration of 
(dI{(h)/dh)/K^ (h) over the range of water pressure heads occuring in the 
soil column gives an expression for hydraulic conductivity K(h) as 
The above procedure for determining K(h) was conceived in connection 
with the present study. The procedure is included without experimental 
verification. It may serve as a basis for further work on determination 
of K(h). This method could well be applied to a two-layer column of 
soil by considering each uniform soil layer separately. 
In equations of this Appendix it is considered that h is a function 
of z and that K can be expressed as a function of h or z. 
where u = dh/dz 
